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The inability of the existing methods of water treatment to completely degrade 
recalcitrant organic contaminants and the use of chemical substances in water 
treatment process forces the scientific world to develop alternative decisions for water 
treatment. In the present study, a novel method of water treatment based on 
application of electrical discharges was investigated.  Owing to the simultaneous 
initiation of physical effects (shock waves, thermal effects, UV/Vis light emissions) 
and chemical reactions (formation of reactive radicals), the method of electrical 
discharges is supposed to be environmentally friendly as no additional chemicals are 
required. It represents the main advantage over such competing methods of water 
treatment as Advanced Oxidation Processes. 
This study was aimed to investigate the applicability of electrical discharges 
generated directly in water for organics removal. The approach undertaken in the 
present study included the description of the discharge generation, its investigation as 
well as the demonstration of organics removal. 
The electrical discharge generation was performed directly in water using 
nanosecond high-voltage pulses of direct current (maximal pulse rise time of 800 ns) 
applied across the large area electrodes (effective area of each electrode is 2 cm
2
). 
Special attention was paid on the effect of the electrode coating. The usual problem of 
streamer reproducibility in time was also highlighted and successfully solved. 
The investigation of the obtained electrical discharges was carried out using 
emission spectrometry which enabled to estimate their physical and chemical 
activities. Underwater electrical discharges were shown to be a source of intense light 
radiation in the entire optical region (200-800 nm). Besides, underwater electrical 
discharge phenomenon was demonstrated to lead to the formation of various reactive 
species including a very strong oxidant – hydroxyl radial. The created plasma was 
also characterized in terms of the basic plasma parameters – plasma temperature and 
electron density. 
Among all the experimental parameters, special attention was paid on the 
impact of average electric field strength and solution conductivity on electrical 
discharges. It was found that solution conductivity tested in the range of 0.3 μS/cm – 
10 mS/cm made different effects on the discharge inception, physical and chemical 
activities of the electrical discharges. Thus, higher solution conductivity facilitated 
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electrical discharge generation and led to the more intense light radiation; however, 
decreased the formation of reactive species. It was also found that high values of 
average electric field strength facilitated electrical discharge generation as well as 
enhanced its physical and chemical activities.   
The applicability of the electrical discharges for water treatment was proved 
on the example of degradation of recalcitrant compounds: five pharmaceuticals 
(diclofenac, iopamidol, metoprolol, bisphenol A and carmabazepine) and 
trifluoroacetic acid. The method of electrical discharges was shown to be effective for 
removal of the selected compounds (removal rates up to 92%), however, the energy 
consumption was high. The latter aspect represents a challenge for this water 
treatment technique and should be improved in the future work. 
The experimental work carried out in the present study enables to conclude 
that electrical discharges in water have a great potential as a novel, chemical-free 
method of water treatment which could represent an alternative to the conventional 
methods. The main outputs of the study could be used for the future investigation of 
underwater electrical discharge phenomenon as well as for the future development of 






















Nachteile der bestehenden Verfahren zur Wasseraufbereitung sind 
unvollständiger Abbau von organischen Verunreinigungen und die Verwendung von 
chemischen Substanzen. Daher ist es erforderlich alternative Verfahren zur 
Wasseraufbereitung zu entwickeln. In der vorliegenden Studie wurde ein neues 
Verfahren zur Wasseraufbereitung basierend auf elektrische Entladungen entwickelt 
und untersucht. Durch die gleichzeitige Nutzung von physikalischen Effekten 
(Stoßwellen, thermische Effekte, UV/VIS Strahlung) und chemischen Reaktionen 
(Bildung der reaktiven Radikalen) soll das Verfahren den Abbau von ozonrefraktären 
Stoffen ermöglichen.  
Im Rahmen der vorliegenden Dissertation wurde die Anwendbarkeit der im 
Wasser generierten elektrischen Entladungen für den Abbau von organischen Stoffen 
untersucht. Dazu gehörten Studien zur Plasmagenerierung, Plasmacharakterisierung 
und dem Abbau von ausgewählten organischen Substanzen. 
Die Entladungsbildung im Wasser wurde unter Verwendung von 
Hochspannungsimpulsen im nanosekunden Bereich (maximale Flankensteilheit 800 
ns) an großflächigen Elektroden (wirksame Fläche jeder Elektrode 2 cm2) 
durchgeführt. Das besondere Augenmerk wurde auf den Einfluss der 
Elektrodenbeschichtung auf die Plasmagenerierung gelegt. Reproduzierbare Streamer 
konnten unter Verwendung einer α-Al2O3-Beschichtung erreicht werden. 
Die Untersuchung der elektrischen Entladungen erfolgte durch 
Emissionsspektrometrie. Intensive Strahlung im optischen Bereich (200-800 nm) 
konnte beobachtet werden. Außerdem konnte nachgewiesen werden, dass die 
elektrischen Entladungen im Wasser zur Bildung von verschiedenen reaktiven 
Spezies einschließlich eines sehr starken Oxidationsmittels – Hydroxyl-Radikal – 
führen. Das generierte Plasma wurde auch im Hinblick auf die grundlegenden 
Plasmaparameter – die Plasmatemperatur und die Elektronendichte – charakterisiert. 
Es wurde ein besonderes Augenmerk auf die Auswirkungen der 
durchschnittlichen elektrischen Feldstärke und Leitfähigkeit der Lösung auf 
elektrische Entladungen gelegt. Es wurde festgestellt, dass die Entladungsbildung, 
physikalischen und chemischen Effekte von der Leitfähigkeit im Bereich von 0.3 
μS/cm – 10 mS/cm abhängen. Somit erleichtert die hohe Leitfähigkeit der Lösung die 
Entladungsbildung und führt zur intensiveren Lichtstrahlung, die Bildung von 
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reaktiven Spezies wird jedoch verringert. Es wurde auch festgestellt, dass die hohe 
durchschnittlichen elektrischen Feldstärken die Entladungsbildung fördert sowie die 
physikalischen und chemischen Effekte verstärkt. 
Die Anwendbarkeit der elektrischen Entladungen zur Wasseraufbereitung 
wurde am Beispiel des Abbaus ausgewählter ozonrefraktärer Verbindungen gezeigt. 
Als Modellverbindungen wurden die pharmazeutischen Substanzen Diclofenac, 
Iopamidol, Metoprolol, Bisphenol A und Carbamazepin und Trifluoressigsäure 
verwendet. Es konnte ein Abbau bis zu 92% erreicht werden, obwohl der 
Energieverbrauch im Bereich von mg/kWh lag.  
Die vorliegende Studie lässt den Schluss zu, dass elektrische Entladungen im 
Wasser ein großes Potenzial für die chemikalienfreie Behandlung von kleinen 
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CHAPTER 1: INTRODUCTION 
 
1.1. The water treatment issue 
 
In the world of rapidly growing economy and climate change, the 
consumption of organic compounds is continuously increasing. The production of 
chemicals of different toxicity and recalcitrance reaches high levels. Everyday new 
organic substances that could become recalcitrant contaminants are being synthesized 
and charged into the environment. These facts represent the main challenges in the 
development of new and effective water treatment methods. 
In recent years, many studies have reported on incomplete elimination of a 
number of organic substances by the conventional water treatment (Creese et al, 2004, 
Ternes et al, 1998). As a result, organic residuals were found in water treatment plant 
effluents, groundwater, surface water as well as drinking water samples. It might lead 
to the accumulation of the organics in human body causing chronic diseases. The high 
stability of some organic compounds, such as pharmaceuticals, for instance, does not 
allow of their biodegradation, therefore advanced water treatment is required. 
Nowadays, a variety of methods based on chemical destruction of organic pollutants 
are being developed. Among them there are chlorination, such relatively new 
techniques of water purification as ozonation (also in combination with UV), 
Advanced Oxidation Processes (AOPs) and photocatalysis.  
Chlorination has been implemented for years as a method of water 
disinfection. It was also used for the elimination of organics on molecular level. 
Usually two main disadvantages of chlorination as a water treatment method are 
reported: (i) – the formation of carcinogenic chlorinated hydrocarbons resulted from 
the reaction of chlorine with organic pollutants (Dunnick et al, 1993); (ii) – the low 
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oxidation potential of chlorine (E
0
ox (Cl2) = 1.36 V) which results in incomplete 
elimination of organic pollutants. 
With time, chlorination was replaced by ozonation which is commonly used as 
a final step in modern water treatment plants (WTP). The combination of ozonation 
with UV irradiation is being intensively implemented in many WTPs to purify water 
till the drinking level. The principle of water purification by ozone consists in the 





2.42 V) formed from the destruction of unstable ozone molecules. Although ozone 
was accepted as being safe (Lake et al, 2001), water treatment application requires 
significant dosages of ozone (7-15%).  
Currently, many research groups are developing a variety of Advanced 





) = 2.82 V) for successful degradation of organics. Although some 
AOPs are quite promising, still some organic compounds remain undestroyed. 
Moreover, water treatment by all AOPs (Fenton, H2O2, O3 etc.) requires undesirable 
addition of chemical substances. The subsequent removal of the supplementary 
chemicals and their recycling is also a big issue. Among other disadvantages, there 
are storage of oxygen for ozone-based processes and high costs of UV lamps for UV-
based processes.  
Photocatalysis is also extensively investigated as a novel water treatment 
technique. The destruction of organics by photocatalysis is based on semiconductor 
photochemistry. The main obstacle of photocatalysis is the separation of catalyst in 
suspension. Since photocatalysis is considered to be an AOP, the disadvantages of 
AOPs listed above could be attributed to photocatalysis as well. Additionally, because 
the photocatalytic oxidation of organics is preceded by the adsorption of the pollutant 
on the surface of the catalyst, there is a risk that the pollutant remains adsorbed, but 
not degraded.  
In order to avoid the limitations and disadvantages of the existing water 
treatment techniques the alternative ones are to be developed. The first and the main 
requirement to the novel technique is the chemical-free treatment. Secondly, the water 
treatment should result in the complete mineralization in order to avoid the possible 
formation of toxic and recalcitrant by-products. The third aspect concerns the 
treatment costs which should not be incredibly high. Finally, the successful water 
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treatment technique should be applicable for both – water disinfection and 
degradation of organics on molecular level. 
 
1.2. Removal of pollutants by electrical discharges 
 
Recently, electrical discharges have attracted a great interest as a novel tool for 
pollution control. From this point of view, wide range of application of electrical 
discharges includes the degradation of air pollutants such as Volatile Organic 
Compounds (VOCs) (Penetrate et al, 1993, McAdams et al, 2001, Grabowski et al, 
2006), water disinfection (Sato et al, 1996, Li et al, 2006, Mizuno et al, 1988) and 
removal of organic compounds dissolved in water (Magureanu et al, 2007, Gerrity et 
al, 2010, Hoeben et al, 1999).  
The discharge systems for the operation in air were characterized by the 
moderate costs and relative simplicity in terms of electrical discharge generation 
(Urashima et al, 2000, Eliasson et al, 1991, Van Durme et al, 2007, Chen et al, 2009, 
Futamura et al, 2002). However, when the technology expended its application on the 
water pollution control, the first obstacles appeared. The main problem was the 
transfer of the electrical discharge and the induced effects from gas phase to liquid. 
Since the direct generation of electrical discharge in liquid is much more complicated 
than in gas phase, the new reactors were designed in the way that the electrical 
discharges still took place in gas phase, but in proximity of the contaminated water 
layer (Belosheev et al, 1998, Magureanu et al, 2010, Lukes et al, 2011, Hoeben et al, 
1999, Sano et al, 2002). However, the question, how efficient is such a treatment, 
caused a great concern as the most reactive part of the system - boundary between 
water and gas – occupied a small volume. This limitation could be eliminated by the 
more efficient generation of electrical discharge directly in water. The great advance 
in the understanding of underwater electrical discharge phenomenon achieved in the 
last two decades (Babaeva et al, 2008, Bruggeman et al, 2009, Clements et al, 1987, 
Starikovskiy et al, 2011, Marinov et al, 2011) allowed to start the investigation of 
organics removal by electrical discharges generated directly in water. However, most 
of systems still resort to the aid of gas phase in the generation of electrical discharge, 
for instance, the discharges in water with gas bubbles (Kurahashi et al, 1997, Ihara et 
al, 1999, Miichi et al, 2002, Gershman et al, 2007, Shih et al, 2010). The least studies 
4 
 
report on the investigation of organics removal by electrical discharges generated 
fully in water.  
Electrical discharges in water produce conductive channels - streamers – 
which are filled with plasma. Plasma is the most abundant state of matter as 99.9% of 
the universe is comprised of plasma. The definition of ―plasma‖ was firstly introduced 
by Irving Langmuir in the year 1928 (Langmuir et al, 1928). The modern definition of 
plasma says that it is an ionized gas consisting of positive ions and free electrons in 
proportions resulting in more or less no overall electric charge, typically at low 
pressures (as in the upper atmosphere and in fluorescent lamps) or at very high 
temperatures (as in stars and nuclear fusion reactors). 
Non-thermal plasmas (NTP) utilized in chemical processing is not in thermal 
equilibrium as the electron temperature (Te) much exceeds the ion temperature (Ti): Te 
» Ti. On the contrary, in thermal plasmas all components are in local thermodynamic 
equilibrium and occur at almost equally high temperature (Te ≃ Ti). In contrast to 
thermal plasma, in NTP, it is more energy efficient to not feed energy equally into all 
degrees of freedom within a gas or plasma, but only into those degrees of freedom 
that can efficiently create the desired final reaction products for the particular 
application (Parvulescu et al, 2012). Thus, high energy electrons of NTP are capable 
of dissociating and/or ionizing water molecules to form reactive primary and 
secondary species which would than attack the organic pollutants.  
Owing to the ability to form reactive species in situ, i.e. without the addition of 
chemicals, and the variety of physical effects induced simultaneously with the 
chemical reactions, electrical discharges generated in water are considered to be a 
novel, effective and environmentally friendly tool for water treatment. This 
technology is being rapidly developed on the laboratory scale, used for a small-scale 
water treatment (e.g. ―AquaSpark‖ Ltd.) and patented by research groups and 
companies (e.g. US patents: 5464513, 5630915, 4169029, R.F. Patents: 2136600, 
2178774). 
 
1.3. Research goals 
 
The experimental work carried out in the present study had three main goals: 
(i) generate an electrical discharge in water; (ii) characterize the obtained electrical 
discharge and (iii) check the capability of the obtained and characterized electrical 
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discharge for organics removal from water. In this subchapter, the thesis goals are 
discussed, while the more specific objectives followed from each goal are presented 
in the Chapter scope of the relevant chapter. 
The first goal arose from the fact that the generation of electrical discharges in 
liquids is not simple compared to gas discharges. Many experimental parameters have 
to be considered and the optimal values have to be found for the successful generation 
of electrical discharges that would not cease with time. 
The second goal comes from the necessity to provide the understanding of 
physical and chemical effects induced by the obtained discharges. This is an integral 
part of the research which enables to get an insight into the electrical discharge nature. 
The understanding of the process nature, in turn, enables to optimize the parameters 
for the most beneficial operation. 
The third goal finalizes the present research and defines whether or not the 
electrical discharges have a future as a tool for water treatment. It should be noted that 
the organic substances selected for the present study are characterized by a very high 
recalcitrance which successful degradation is a great challenge for a developing water 
treatment technique. 
The fourth and the most general aim was to undertake a systematic approach, 
which enabled to work out all three aspects of underwater electrical discharge – 





The dissertation is divided into three main parts, each of them corresponds to 
the one of the three goals listed above. Following the present Chapter 1, Chapter 2 
describes the generation of electrical discharge in water, Chapter 3 is devoted to the 
plasma diagnostics and, in Chapter 4, the degradation of pharmaceutical compounds 
by electrical discharges is discussed. Each chapter starts with the short Chapter scope 
discussing the objectives and the main approaches to achieve the goal. It is followed 
by the Literature survey, which describes the theoretical background, achievements to 
date and the current research trends of the topic. The Experimental part of each 
chapter summarizes the descriptions of experimental apparatuses, techniques, 
methods and experimental procedures used during the experimental investigation. The 
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Results and Discussions part is the most essential part of each chapter which contains 
the description of obtained results, their analysis, verification or disapproval of 
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CHAPTER 2: ELECTRICAL DISCHARGE 






The generation of electrical discharges is not simple due to the high power 
needed and dissipated during this process. Many efforts to generate electrical 
discharges directly in liquids have been undertaken. The difficulty of the electrical 
discharge generation directly in liquid consists in the fact that the mechanism of the 
liquid discharge is not known. Liquids are denser media than gases, therefore higher 
energies for the discharge inception are needed. 
This chapter describes the first step on the way of application of underwater 
electrical discharge for organics removal - electrical discharge initiation.  The effect 
of the different parameters on the electrical discharge inception in aqueous solution is 
studied. The monitoring of the electrical discharge generation was carried out 
visually. The tools employed for explanation of the observed phenomena include: (i) 
analysis of voltage and current waveforms, (ii) analysis of equivalent electric circuit 
and (iii) chemical methods. The latter tool implies the analysis of reactive species 
formation resulted from the electrical discharge.  
The main aim at this step is the generation of a reproducible electrical 
discharge in aqueous solution. The objectives include: (i) design of a plasma reactor; 
(ii) find out what parameters and in what extent influence the electrical discharge 
inception; (iii) search for the optimal conditions of the electrical discharge inception; 
(iv) evaluation of the chemical activity of the underwater electrical discharge. 
12 
 
2.1. Literature survey 
 
2.1.1. Electrical discharge mechanism 
 
2.1.1.1. Breakdown in gases 
Electrical breakdown of gases implies the formation of a discharge channel 
between two electrodes separated by a gas gap, when the applied voltage exceeds a 
certain value. It is accompanied by a number of effects including light flash and 
sound. The main breakdown mechanism is the impact ionization followed by an 
electron attachment. Other possible mechanisms include photoionization and electron 
detachment from negative ions. Electrons accelerate in the electric field impacting gas 
molecules and giving the birth to the new electrons. The development of an electron 
avalanche is shown in figure 1(a). As the strength of the electric field increases, the 
impact ionization also increases, which leads to the formation of the independent 
electron avalanches until the discharge gap gets filled with plasma. The plasma 
consists of positive ions left after the previous avalanches and electrons formed by the 
following avalanches. The expansion of the plasma channel is caused by the constant 
formation of new avalanches. The formation of a streamer is shown in figure 1(c). If 
the plasma channel reaches the cathode, the full breakdown over the discharge gap 




Figure 1. Breakdown stages: (a) – the grows of an electron avalanche; (b) – formation of secondary 





The photons created in the head of an electron avalanche lead to the formation 
of the secondary avalanches that grow in front of the streamer and from its sides. The 
avalanche development leads to the enhancement of the electric field in the discharge 
gap towards the cathode. The propagation velocity of a positive streamer is 10
8
 – 109 
cm/s (Yurikov et al, 1982).  
 
2.1.1.2. Breakdown in liquids  
Unlike in gases, liquid dielectrics are characterized by a higher particle density 
and a higher value of electrical breakdown strength. The first feature implies that the 
electrons cannot accelerate in liquids due to a very short mean free path. The second 
feature means that the molecules in liquids have higher ionization potential than in 
gases. Despite there is no single breakdown mechanism, electric breakdown in liquids 
has much in common with the one in gas phase. Historically, there are two theories of 
the breakdown in liquids. Depending on experimental conditions, the breakdown 
mechanism is described in terms of a bubble theory or the electron avalanches are 
assumed to be formed directly in liquid.    
The bubble theory 
A bubble-initiated breakdown implies that the discharge track includes both 
gas and liquid phase: electric discharge initiation takes place in the gas phase with the 
following propagation into the liquid. The breakdown inception is always related to 
the existence or the formation of localized, low-density regions (micro-bubbles). This 
theory was originally created and developed by Bunkin and Bunkin (Bunkin et al, 
1992). The authors entitled these regions as ―bubbstons‖ and explained their existence 
in liquids by the presence of impurities spread across the entire solution volume. 
Second possible reason of the pre-existence of the bubbles is their formation due to 
the Joule heating of the conductive liquid due to the intense electric current flow. It 
should be noted that the first case is more probable for industrial liquids containing 
impurities i.e. dissolved gases, ion clusters, solid particles etc, whereas in the pure 
liquid dielectrics the gas micro-bubbles are likely formed onsite. Thus, the breakdown 
in the liquid is coupled to the existence or formation of low density regions and 
microbubbles (Kolb et al, 2008, Joshi et al, 2009, Lewis et al, 2003).                        
After the micro-bubble nucleation through one of the described mechanisms, the 
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electrical breakdown initiation in the gas phase occurs. Its inception can be described 
by the breakdown mechanism in gases. Electrons are injected into the bubble 
localized near the electrode surface and accelerated by the electric field. When the 
streamer reaches the bubble wall (liquid/bubble interface), electric current increases 
and the charges get deposited on the bubble wall. The following propagation 
mechanism is explained by the constant formation of a gaseous cavity around the 
discharge channels, where electron avalanches take place. It should be noted that the 
heat release and bubble formation is only possible for the long voltage pulses (˃ 1 μs). 
Direct ionization of liquid  
This breakdown theory assumes that electrical discharges in liquid can be 
formed in the absence of the gas bubble formation and without thermal effects 
(Starikovskiy et al, 2011, Marinov et al, 2011), but through the direct ionization of the 
molecules and atoms in liquid. However, two strong arguments against this theory are 
usually put forward. The first one consists in the fact that the electron avalanche 
development in liquid is nearly negligible due to the large scattering cross sections of 
the electrons. It makes impossible for electrons to gain the high kinetic energy in such 
a dense media like liquid water. Second fact consists in inability of free electrons to 
exist in liquid because of the rapid solvation (1 ps, Laenen et al, 2000). However, 
despite all the contras, Starikovsky et al, 2011 have recently reported on the 
successful ionization of liquids (water) by the direct electron impact ionization. It 
became possible, when the electric field near the electrode was of one order of 
magnitude higher than the critical value of the breakdown. For realization of this 
mechanism the authors used very short voltage pulses and a rod high-voltage 
electrode (U = 220 kV, pulse duration = 400 ps, electrode diameter at the tip = 100 
μm). 
2.1.1.3.Breakdown of solid dielectrics 
Thermal processes play the most important role in breakdown of solid 
dielectrics unlike in gases, where the breakdown is mainly an electrical phenomenon. 
Displacement and active current flow through the dielectric exposed to the high 
electric field. The displacement current is caused by the polarization of the molecules 
in the dielectric. The active current is caused by the dielectric losses and increases as 
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the temperature of the dielectric increases until the breakdown takes place. The main 
feature of thermal breakdown of solid dielectrics is that it is a very slow process, since 
it develops with the heating of the dielectric in the electric field. Thermal breakdown 
is normally localized in the area of the poor heat dissipation. The threshold voltage for 
thermal breakdown depends on a number of factors: the repetition rate of the applied 
electric field, cooling conditions, thermal parameters of the dielectric material etc.   
 
2.1.2. Electrode configurations 
There are different electrode configurations used to generate electrical 
discharge in liquids (figure 2): point-to-point, point-to-plate, plate-to-plate, wire-




Figure 2. Basic electrode configurations: (a) – point-to-point, (b) – point-to-plate, (c) – plate-to-plate, 
(d) – wire-cylinder 
 
 
The electrode configuration with a strongly asymmetric geometry – point-to-
plate - is the most commonly used to generate electrical discharge through the direct 
ionization of liquids. The electrical discharge generated in such a way is a classic 
corona discharge. Point-to-plate geometry implies that the inter-electrode distance is 
much greater than the diameter of the point electrode. In such configurations, a point 
electrode represents a tip and is usually used as a high voltage electrode to concentrate 
the electric field for the liquid phase discharge. The electrical discharge initiation with 
point-to-plate geometry is determined by the amplitude of the applied voltage pulse 
and the curvature radius of the tip. Point-to-point and point-to-plate electrode 
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geometries are difficult to implement to the commercial applications because of the 
limited lifetime of the tip electrodes resulting from the destruction of the electrode tip. 
Besides, the electrical discharge generated in this way occupies a very small volume. 
The use of a wire-cylinder electrode configuration is another way to create the spatial 
non-uniformity of the electric field. In this case, the critical parameters of the 
electrical discharge generation are the radii of the wire and the cylinder (Lukes et al, 
2009).  
Symmetric electrode configuration, where both electrodes have the same 
shapes and are characterized by a large electrode area (plate-to-plate, figure 2(c), 
Hartmann et al, 2007) are used for the electrical discharges initiated through the DBD 
discharge (the nature of DBD is discussed in details in the next subchapter). In this 
case, one or two electrodes are covered with a dielectric layer. In general way, 
classical coronas have higher electron energy than the barrier discharges (Morrow et 
al, 1997, Braun et al, 1991, Babaeva et al, 2008, Dhali et al, 1987). Average electron 
energies in the streamer heads are 5-15 eV for coronas (Namihira et al, 2007) and 2-6 
eV for DBDs. Electric field strength near the electrode tip in case of coronas is much 
higher than that on the electrode surface in case of DBDs, where the field is much 
more homogeneous. Random distribution of lots of simultaneous discharges 
distinguishes the DBD from corona discharges. The latter fact suggests that DBD 
would be commonly used for treatment of large surfaces and volumes, whereas 
coronas would be used for such cases where a small plasma volume is needed. Thus, 
plate-to-plate electrode geometry is widely used for such applications as surface 
treatment, water purification, ozone generation etc.  
 
 
2.1.3. Factors influencing electrical discharge formation in liquid 
 
2.1.3.1. Electrode coating 
 
The role of dielectric material 
The presence of a dielectric significantly affects the electrical discharge 
generation as it modifies the electric field configuration and acts as an electron 
supplier. In the DBD generation, electrode coating serves for two main purposes: (i) 
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to avoid the transition to spark discharge by preventing charge carrier flow through 
the surface; (ii) to enhance the electric field by storing surface charges and electron 
accumulation.  
The partial discharge (e.g. corona) means that the discharge channels, formed 
on the surface of one electrode, do not reach the surface of the opposite electrode. 
However, under certain conditions, corona has a tendency to turn into the spark 
discharge. Spark discharges occur when streamer head reaches an opposite electrode 
building the conductive bridge. Electric current starts flowing between the electrodes 
and the discharge is no longer partial. Spark discharges are characterized by a very 
high energy (Epulse up to a few kJ) and temperature (T up to a few thousand degrees) 
and lead to electrode erosion or complete destruction. Therefore, sparks should be 
avoided when generating electrical discharges for the water treatment purposes. 
Besides, the current build-up between the electrodes, when sparking, leads to 
substantial heating of the surrounding media. One of the ways to avoid the spark 
discharges is to reduce the amount of current by using a dielectric coating for an 
electrode – dielectric barrier. In other words, a dielectric layer is to protect an 
electrode from the rapid destruction and provide a long lifetime of an electrode 
surface. 
Second purpose of a dielectric coating is that it allows of achieving the electric 
field enhancement needed for the electrical discharge inception. The charge cannot be 
accumulated on the conductive surface of the metal electrode as the constant electron 
leakage occurs when exposed to the electric field. Thus, an insulation of the metal 
electrode is required. Moreover, the use of a dielectric allows of increasing the 
capacitance in the discharge gap, which leads to the higher breakdown voltage 
required and more input energy stored in the system prior to the discharge. When the 
threshold electric field of the electrical discharge is achieved, the dielectric layer starts 
discharging yielding the electrical discharge. Two main parameters of a dielectric that 
determine its properties are: (i) dielectric strength and (ii) relative permittivity. 
The dielectric strength characterizes the ability of a dielectric to withstand the 
high electric field without breaking down. For the DBD generation in liquid, the 
breakdown in solid phase (dielectric layer) must be prevented. For this purpose, the 
dielectric material must have a high value of the dielectric strength. Generally 
speaking, dielectric strength determines stability of a dielectric material, which 
determines its lifetime. 
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The relative permittivity (εr), also known in literature as dielectric constant, is 
responsible for the ability of a dielectric to polarize under the applied electric field. 
The higher the εr value, the more efficient is the polarization, the more energy will be 
stored by the dielectric layer. Due to the ability to be polarized, the dielectric layer 
can be considered as a capacitor when exposed to electric field. The relative 
permittivity determines the properties of this capacitor, therefore, it is the main 
characteristic of a dielectric material along with the dielectric strength. Among other 
important parameters of a dielectric material, there are dielectric resistivity, dielectric 
loss tangent etc. Since the influence of these parameters is not crucial in present study, 
their detailed consideration is omitted. The capacitance of the dielectric (Cd) layer is 
expressed by the equation: 
 
   
       
 
                                                       (1) 
 
where εr is the relative permittivity of a dielectric, ε0 is the vacuum permittivity, d is 
the thickness of the dielectric layer and A is its surface area. 
The charge accumulated in the dielectric layer is proportional to the ratio εr/d. 
The linear dependence of the discharge current from this ratio was found by Gibalov 
et al, 1998, who tested the wide range of εr/d values.  Varying the relative permittivity 
and thickness of a dielectric layer, one can adjust Cd suitable for the DBD formation. 
On the one hand, Cd must be high enough to store the amount of energy required for 
the discharge inception. On the other hand, a barrier with too high values of Cd 
requires unachievably high values of applied voltage, so a compromise must be made 
in search for the appropriate layer thickness and the dielectric material.  
Depending on the desired Cd, one or two electrodes could be covered with 
dielectric (figure 3). In case of both electrodes covered, the total capacitance is 
theoretically doubled compared to the case in which one electrode is covered and 
another one is a bare metal, provided that the thickness is constant in both cases. 
However, the studies show (Meiners et al, 2010, Heuser et al, 1985) that in the 
situation when only one electrode is covered the transferred charge is much higher 
than that in case of both electrodes covered. The authors also concluded that the use 










Dielectric material is one of the crucial parameters for the DBD generation. A 
successful dielectric material must possess the following properties:  
 
- high value of the relative permittivity 
- high value of the dielectric strength 
- low value of the heat loss 
- low value of the dielectric loss 
- high value of the electrical resistivity 
- good mechanical stability 
- chemical inertness 
Typical electrode coatings used for the DBD generation include glass, quartz, 
ceramics and polymers - materials of low heat loss, high dielectric strength and high 
dielectric constant. The influence of different dielectric materials on the DBD 
generation is a subject of investigation of many research groups (Hartmann et al, 
2009, Lukes et al, 2009, Kogelschatz et al, 2010, Laroussi et al, 2002, Miclea et al, 
2001, Piroi et al, 2010, Kostov et al, 2009, Akishev et al, 2003, Williamson et al, 
2006).  
The reactivity of DBD can be improved by increasing the permittivity of the 
dielectric layer. Therefore, the materials with relatively low values of permittivity 
such as quartz and glass are mainly used for low-energy applications of DBD (e.g. 
discharges in gas phase) such as ozone generation. The use of materials with 
extremely high permittivity (Sr-containing materials) leads to the very high values of 









 K) (Meiners et al, 2010, Li et al, 2004, Li et al, 2007). Most of authors, 
dealing with the DBD generation directly in liquid, use different variations of ceramic 
coatings due to their optimal value of permittivity, compared to glass and quartz, and 
at the same time a high stability with regard to chemical reactions. 
 
Table 1. Dielectric properties of some dielectric materials used for DBD generation 
Coating material εr Reference Dielectric 
strength (MV/m) 
Quartz 4.22 Naz et al, 2012 - 
Glass 8.63 - 9.8 – 13.8 
Ceramics: almandine, 
corundum 
10-12 Lukes et al, 2009, 
Sein et al, 2008 
13.4 
Sr-containing ceramics 120-300 Li et al, 2007, Li et al, 





Alumina (Al2O3) is the most widely used material in the family of ceramics. It 
is made of the available raw materials and is relatively cheap giving the good 
opportunities for its industrial application. The key properties of alumina include 
(Accuratus): 
- hard, wear-resistant 
- excellent dielectric properties from low-frequency DC to GHz 
frequencies 
- resistance to strong acid and alkali attack at elevated temperatures 
- good thermal conductivity 
- excellent size and shape capability 
- high strength and stiffness 
- availablity in purity ranges from 94% to 99.5% (for the most demanding 




Alumina is usually found in the crystalline form - α-Al2O3, which properties 
are summarized in Table 2 (Cheng et al, 2006, Accuratus): 
 
 
Table 2. Properties of α-Al2O3 
Parameter Unit Value 
εr (1 kHz)  9.8 
Dielectric loss tangent (1 kHz) x 10
-4 
2.5 
Volume resistivity Ω/cm 1014 




Coefficient of thermal expansion 10
-6/C° 8.4 
Resistance against bending Mpa 300 
Resistance against heat impact  Excellence 




In many applications of DBD large electrode areas are required. However, it is 
more difficult to generate electrical discharge using large electrode areas (e.g. plate-
to-plate and cylinder-cylinder electrode geometries) than using the small ones (e.g. 
point-to-plate electrode geometries) due to the homogeneous distribution of electric 
field. Therefore, for successful generation of electrical discharges spatial non-
uniformities are required. In general way, the probability of the breakdown increases 
for the surfaces with imperfections, which are able to locally enhance the electric 
field. For the electrical discharge formation through DBD with large electrode areas, 
these imperfections are created artificially. A highly non-uniform electric field can be 
generated modifying the shape of metal electrodes or changing dielectric layer 
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microstructure. Some most common ways of the electrode surface modification are 
presented in figure 4. 
It was shown that metal wire meshes could be used as electrodes (Wang et al, 
2006, Qian et al, 2012, Tepper et al, 2002, Hensel et al, 2008). Meshed sheets can be 
wrapped around a cylinder (for wire-cylinder electrode configurations) or placed in a 
plate-parallel position (for plate-to-plate electrode geometries, figure 4(a)). The 
meshes are covered with a dielectric layer and electrical discharge develops at the 
mesh wires or on its nodal points. (Trunec et al, 1998) investigated the role of meshes 
in the DBD generation. Calculations have shown that meshes do not make any 
influence on the local enhancement of the electric field. However, the authors 
explained the role of the meshed electrodes in the discharge generation by the fact that 
the meshes have smaller resistance than flat electrodes.  
Recent studies have reported on the role of surface morphology of the 
dielectric layer in DBD generation (Hensel et al, 2004, Lukes et al, 2009). The 
presence of small cavities (porosity) in the dielectric layer is supposed to facilitate the 
DBD initiation. For this, the electrode could be covered with a dielectric layer with 
porosity (figure 4(b)). The active role of porous material for DBD generation consists 
in the formation of micro-discharges inside the pores. Pores are assumed to serve as 
the points, where electromagnetic field is enhanced. If the pores of a big diameter are 
used (˃100 µm), the DBD could be considered as a diaphragm or capillary discharge. 
Typical pore diameters for the DBD generation vary from 1 to 80 μm.  Thermal 
plasma-spray technology is used for porous ceramic deposition on the metal surfaces. 
The mechanism of pores functioning consists in the fact that the pores serve as 
conductive channels and thus provide the direct contact between metal electrode and 
the liquid.  
Hong et al, 2010, Mahoney et al, 2010, Baerdemaeker et al, 2007, Jang et al, 
2011, Sato et al, 1999 reported on the generation of electrical discharge through a 
hole in the dielectric layer placed in between the electrodes (figure 4(c)). Depending 
on the ratio of the dielectric thickness (d) to the radius of the hole (r), this type of 
discharge is attributed to the capillary (d/(2r) » 1) or diaphragm (d/(2r) ≃ 0.1 -1) 
discharge which functioning differs from the operation of the classical DBD. In this 
case, the discharge generation takes place in the hole filled with the conductive liquid. 
The discharge is assumed to begin with the breakdown of a water bubble formed in 
the hole nucleated by the ohmic heating when the HV is applied across the electrodes. 
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Thus, the main advantage of both capillary and diaphragm discharge is that they are 





Figure 4. Different modifications of dielectric layer for electrical discharge generation: a – meshed 




2.1.3.2. Temporal characteristics of electric pulses 
 
The electrical discharge ignition requires sudden application of a strong 
electric field. The efficiency of the energy transfer increases with the decrease of HV 
pulse width. Temporal characteristics of a HV pulse such as pulse rise time, pulse 
width and pulse decay time determine in significant way the costs of the power 
supply. The power supplies producing pulsed DC voltage create HV pulses with 
shorter rise and fall times than HV pulses of high-frequency AC power supplies.  
The pulse width of the applied voltage determines many important discharge 
properties such as initiation time, propagation velocity, plasma temperature etc. 
Basically, two types of discharges are distinguished: short-pulse discharges with pulse 
rise-time from picoseconds to ten nanoseconds. To use the longer pulse rise times 
(˃10 μs) is not reasonable due to the heat dissipation instead of the electric field 
enhancement.  
Pulse rise time and pulse duration define the mechanism of the liquid 
discharge. Briefly, short HV pulses allow the direct ionization of liquid, where the 
electron impact mechanism is realized. The short rise time does not allow of the heat 
dissipation near the electrode and, thus, the surrounding liquid remains unheated. 
Starikovskiy et al, 2011 reported on the electrical breakdown directly in liquid using 
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HV pulses with picosecond rise time. The propagation velocity in their experiments 
reached the value of 5000 km/s. No bubble or void formation was observed. 
Long HV pulses, on the contrary, do not allow of the electron acceleration in 
the extent as it is for the short HV pulses. In this case the time of the HV application 
is enough to heat the surrounding liquid media and nucleate a water bubble. The 
electric discharge therefore starts in this bubble with the following propagation into 
the liquid phase.  
Thus, on the basis of the experimental results one may conclude that, firstly, 
the pulse width of the applied voltage directly determines the discharge mechanism 
and, therefore, all subsequent discharge phenomena. Secondly, the shorter electric 
pulse, the faster is the current dissipation in the discharge gap, the higher is the 
plasma density and, therefore, the more efficient use of the input power is expected.  
 
2.1.3.3. Method of electrical excitation  
 
Accumulated surface charges on the surface of a dielectric layer can be 
neutralized either by alternating current (AC) or by pulsed direct current (DC). 
Regarding to the electric current nature, there are two operation modes to drive 
electrical discharge: high-frequency AC and short-pulse DC. 
The first type is characterized by a series of micro-discharges generated during 
one positive or negative half-period (figure 5(a)). The spikes on the current waveform 
correspond to the micro-discharges. In case of the short-pulse DC excitation (figure 
5(b)), only one event of discharge takes place per one electric pulse. In case of the DC 
excitation, a higher discharge current and a higher initial electric field are achieved, 
which results in the higher plasma-chemical production. Analysis of experimental 
studies on the influence of the electric current nature allows to conclude that the short-
pulse DC excitation produces higher power levels than high-frequency AC excitation. 
Williamson et al, 2006 explained the difference in AC and DC excitation by a 
different value of the threshold electric field of the breakdown. For the AC excitation, 
the voltage value needed for the electrical discharge inception is essentially the static 
breakdown voltage. For the DC excitation, where the pulse width is much shorter and 
the application of voltage occurs much faster, the breakdown voltage exceeds the 
static breakdown voltage. Thus, the electric field strength at the breakdown is higher 
for the DC excitation. Therefore electrical discharge inception and all subsequent 
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processes are characterized by a higher power using the short-pulse DC current rather 
than AC. 
 
              
 
Figure 5. Example current and voltage waveforms of (a) 1 kHz AC and (b) 300 Hz short-pulse DC 
excitation of DBD (Williamson et al, 2006) 
 
 
2.1.3.4. Polarity of electric pulses  
 
The electrical discharge initiation can be triggered either at the cathode or at 
the anode surface. The effect of the polarity on the liquid phase discharges follows 
from the fact that ions and electrons are characterized by different values of mobility. 
Studies report on the following regularities: (i) threshold voltage of an electrical 
discharge is lower for the anode-initiated discharges; (ii) the polarity of a high-voltage 
electrode influences the discharge morphology and propagation velocity. 
Computer simulations (Qian et al, 2006) and laboratory experiments (Joshi et 
al, 2003, Joshi et al, 2004) showed that the electric field required for the electrical 
discharge generation was lower for the discharges initiated on the anode surface. 
Therefore the threshold voltage is lower when a high-voltage electrode is biased 
positively rather than negatively (Korobeinikov et al, 2002, Jones et al, 1995). Thus, 
when a symmetrical electrode configuration is used, the breakdown is initiated easily 
at the anode.  
The effect of the polarity on the electrical discharge initiation was extensively 
investigated by Qian et al, 2006. The authors proposed a microscopic model of the 
discharge initiation which takes into account a large difference in velocities of ions 
and electrons. In case of positive polarity, the electrons move very fast inside the 
bubble towards the anode surface. Positive ions move in the opposite direction, but 
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due to the incomparably lower velocity, the cations do not reach the bubble wall by 
the time the electrons reach the anode surface. Electric field inside the bubble is 
collapsed, whereas the electric field in the bulk is enhanced. In case of negative 
polarity, electrons are injected from the cathode and move very fast towards the 
bubble wall. The heavy and slow positive ions do not reach the cathode surface by the 
time the electrons are deposited on the bubble wall or penetrate into the solution bulk. 
Meanwhile, the electric field inside the bubble is enhanced compared to the electric 
field in the bulk. Thus, the charge density in the bubble neighborhood is smaller for 
the cathode-initiated discharge than that for the anode discharges.  
Thus, depending on the polarity, the charges are supplied or needed to be 
supplied for the electrical discharge inception. Electrons either fall into the bubble 
from the surrounding solution i.e. are extracted from the bubble/liquid interface; or 
impact the bubble/liquid interface from inside the bubble. The different strength of the 
electric field for positive and negative polarities causes the dependence of threshold 
voltage, streamer morphology and propagation velocity from the sign of the applied 
current. 
It should be noted that all considerations described above are attributed to the 
a priori formation of a bubble prior to the discharge inception, i.e. the bubble theory is 
assumed to be a dominant mechanism. In case of the direct electron impact ionization 
of liquid, one should not expect the influence of the polarity on the electrical 
discharge initiation as the stochastic phenomena (electron avalanches) take place. 
 
 
2.1.3.5. Solution conductivity 
 
The effect of the solution conductivity was shown by many authors to have a 
large influence on the electrical discharge initiation. In liquids, the discharge current 
is transferred by the solvated ions, but not by the free electrons as it is in metals, for 
instance. The solvated ions compensate the space charge electric field on the growing 
streamer head, thus strongly influencing electrical discharge propagation. Distilled 
water has an electric conductivity of 0.06 μS/cm (25°C) and a relative dielectric 
constant of 78.4 (25°C). The high resistivity of the distilled water allows of using it as 
an insulator. The advantage of such application is that its insulating and dielectric 
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properties are easily variable. The addition of ionic compounds such as salts, acids or 
alkalis into water changes its conducting properties.  
The aqueous solution may act either as a capacitor or as a resistor depending 
on the solution conductivity. When the pure water is used, the resistivity of the water 
layer is high, and the gap between electrodes acts as a capacitor. The input power is 
discharged through the surrounding media of a high resistivity. The displacement 
current in this case is larger than the conduction current and the capacitor is not fully 
discharged. It results either in the low discharge power or in no discharge initiation. In 
order to facilitate the electrical discharge, the conductivity of water is increased. It 
results in the conduction current larger than the displacement current and electrical 
discharge occurs. Thus, solution conductivity directly determines the initiation of 
electrical discharge.  
Another issue, related to the influence of solution conductivity, concerns the 
threshold voltage of the electrical discharge. Results found in literature show 
controversial results. Sunka et al, 2001 demonstrated that solution conductivity has no 
impact on the threshold voltage. Shih et al, 2010 required the higher voltage values 
for higher solution conductivity to initiate electrical discharge. Zhu et al, 2009, on the 
contrary, found that the electrical discharge initiation voltage decreases with increase 
of solution conductivity. The increase of solution conductivity leads to the higher 
current flow and more intense ohmic heating facilitating vaporization processes. Since 
electrical discharge initiation is preceded by the water vaporization as discussed 
above, the increase in solution conductivity will more likely facilitate electrical 
discharge formation and, therefore, decrease the threshold voltage. 
Investigating the influence of solution conductivity, all authors agree that the 
increase in solution conductivity leads to the higher power and plasma densities, 
higher plasma temperature and more intense UV radiation during the electrical 
discharge. However, at the same time, the short streamer length was observed in case 
of high solution conductivities and explained by a large discharge current flow due to 
the faster compensation of the space charge electric fields on the head of streamers. 
The shorter streamer length, i.e. the less plasma-water contact, results in the lower 






2.1.3.6. Electric field strength 
 
Liquid phase discharges require large electric fields to create the pre-existing 
current for heating and to sustain discharge propagation (Shih et al, 2010). Electric 
field required for the electrical discharge inception in liquids are much higher (~ 10
9
 
V/m) than the one in gas phase (~ 10
6
 V/m). Liquid breakdown would take place 
when the space field at a certain place in the discharge gap becomes equal to the 
external electric field at the same location. Therefore, the main parameter determining 
almost all electrical discharge properties is the electric field strength. The significance 
of this parameter is reported in every study that deals with electrical discharge 
generation. The averaged electric field strength (AEFS) is defined by the distance 
between electrodes and the applied voltage. The correlation between these values for 
symmetric plate-to-plate electrode configuration gives: 
 
E = U/d   ,                                                          (2) 
 
where E is the averaged electric field strength (V/m), d is the distance between 
electrodes (m), U is the magnitude of the applied voltage (V). From this equation it 
could be concluded that the applied voltage is not the most important parameter, but 
the averaged applied electric field. However, in most of studies the influence of the 
electric field is replaced by the influence of the applied voltage. The reason to that is 
because the construction of the discharge chambers does not always allow the change 
of the distance between electrodes and, therefore, d value is assumed to be constant. 
In such cases, the only possible way to enhance the AEFS is to increase the applied 
voltage. For those cases when the inter-electrode distance is easily variable, there is 
no need to use high values of voltage as the same value of AEFS could be reached by 
the shortening the inter-electrode distance at the constant voltage.   
The shorter inter-electrode distance and the higher applied voltage will result 
in the higher AEFS and the denser plasma formation. However, even when the 
applied voltage is low, the spark discharge may occur if the inter-electrode distance is 
too short. On the other hand, the large discharge gaps are characterized by the high 
divergent fields at the electrodes and low averaged electric fields in the bulk. 
Homogeneous electric field is difficult to obtain for long inter-electrode distances (d 
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is in the range of cm), therefore, the generation of electrical discharge with large 
discharge gaps is complicated.  
The calculation of the electric field strength becomes more complicated for 
asymmetric electrode configurations, as the electric field at the pin electrode instead 
of the AEFS across the gap should be considered. The AEFS is not relevant for sharp 
pins and long gaps because the electric field for the plasma initiation is concentrated 
around the pin and defined by: 
 
E ~ U/r                                                          (3) 
 
where E is the electric field near the electrode tip (V/m), U is the applied voltage and 
r is the radius of curvature of the tip (m). From this equation, a lower applied voltage 
is needed to generate corona discharge using sharper needles as in this case a higher 
electric field will be achieved.   
 
 
2.1.4. Effects induced by underwater electrical discharges 
The generation of underwater electrical discharges causes the formation of a 
number of physical and chemical effects. Among them, thermal effects and 
UV/Visible light emissions play a significant role. Besides, electrical discharges cause 
the formation of pressure shock waves. The input power is also spent on the formation 
of the water steam, dissociation and ionization. The simultaneous induction of both 
physical effects and chemical reactions by electrical discharges is the main advantage 
in terms of the application for water treatment.  
 
2.1.4.1. Physical effects 
 
Electrical discharges are a source of intense UV radiation, which is of a great 
interest as the UV leads to photochemical reactions (Lukes et al, 2008). The effect of 
the UV results either in the direct photolysis of the organic compounds or in the 
formation of highly reactive species which then attack organics. The efficiency of the 
UV radiation increases with the plasma power increase, thus, in general, more 
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energetic arc and spark discharges are considered to be more efficient sources of UV 
than corona and streamer discharges. 
The non-thermal plasma (NTP) produced by corona and streamer discharges 
implies the formation of plasma without heating of the bulk volume. Although, the 
temperature inside the discharge channels could be very high the localized nature and 
small volume of the discharge channels enable to support the thermal energy in the 
small volume and at the same time sustain moderate (room) temperature of the bulk 
solution. Thus, unlike in thermal plasmas, the use of NTP avoids the large thermal 
losses and prevents the damage of the nearby surfaces such as reactor walls, 
electrodes, reactor parts. Pyrolysis of organic compounds by NTP is possible, but 
since the thermal regions are characterized by a very small volume, the efficiency of 
the thermal decomposition is low. The greatest contribution of thermal effects consists 
in thermal dissociation of water molecules with the formation of primary reactive 
species. 
The high-amplitude ultrasound waves could be generated by an electrical 
discharge. The rapid energy expansion in the radial direction follows the electrical 
discharge generation, which produces the shock waves in the surrounding liquid phase 
(Stelmashuk et al, 2012). However, an electrical discharge is not an efficient source of 
the shock waves. (Naugol’nykh et al, 1974) reported that only 8% of the total input 
power spends on the shock waves formation by underwater electrical discharges.  
 
2.1.4.2. Chemical reactions 
 
The high chemical efficiency is the main advantage of underwater electrical 
discharges. Electrons in the plasma discharge zone could reach the energy of up to 10 
eV. The energetic electrons along with the energetic photons trigger many chemical 
processes. The mechanism of discharge generation in liquid phase, as discussed 
before, includes the formation of the gas phase, where the electrical discharge 
inception occurs. The chemical activity of underwater electrical discharges, thus, is 
related to the chemical reactions in the water steam filling the bubble (reactive species 
being in the plasma state) and subsequent reactions in the bulk solution.  
The majority of experimental data report that the electrical breakdown in a 
water bubble yields the formation of such species as hydroxyl, hydrogen and oxygen 
radicals. The water dissociation by the non-elastic electron impact of the water 
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molecules is considered as the main mechanism of the radical formation. The primary 
species are highly reactive, but short-lived, therefore their monitoring utilizes high-
speed and high-sensitive techniques such as emission spectrometry.  
The water bubbles rapidly collapse and the high-temperature zone (discharge 
channels) decays in time. It is followed by the formation of a variety of species in a 
cooler zone surrounding the discharge channels. These species include hydrogen 
peroxide, ozone, molecular oxygen, hydrogen etc, which are characterized by a higher 
stability than the reactive radicals and can diffuse into the bulk solution. It makes 
possible to detect and quantify the secondary species by the chemical methods. The 
formation of hydrogen peroxide (H2O2) is of a special significance. The fact that it 
could act as a reductant (E
0
red = -0.7 V) and a relatively powerful oxidant (E
0
ox = 1.77 
V), H2O2 plays an important role in the destruction of organic molecules. 
Electrons impacting the bubble/liquid interface become solvated. The 
probability of the electron solvation, however, is low due to the low possibility of the 
occurrence of electron in the liquid phase (Buxton et al, 2006). There are very few 
studies reporting on the successful detection of the ēaq. The significance of the ēaq 
consists in its ability to form superoxide radical (O2
•-
), which could act as an oxidizing 
or reducing agent dependent on the conditions. Other studies report on the formation 
of O2
•-














2.2.1. Overall view of experimental setup 
 
The overall view of experimental setup used for the experiments described in 
the present chapter is presented in figure 7. Generally, the equipment could be divided 





Figure 7. Overall view of experimental setup: (a) the high-voltage equipment; (b) – circulation system 
 
 
2.2.1.1. High-voltage equipment 
 
Plasma generator 
The plasma generator used in the present study was developed by PPT Puls-
Plasmatechnik GmbH (Dortmund, Germany). It consists of two main components: a 
HV-Capacitor (Charging Unit CCU4) and a HV-Pulse-Unit HVPU50. The HV-pulse 
unit contains a capacitor with a loading capacity of 500 nF. The charging unit is used 
to produce an initial voltage pulse with a relatively long pulse rise-time and low 
voltage amplitude (up to 3.2 kV); the electric pulse then is shortened (pulse rise time 
up to 800 ns) and transformed by the HV pulse unit yielding a maximal voltage of 50 
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kV. High-voltage pulses of the direct current (DC) have sinusoidal form with 
maximal pulse repetition rate of 200 Hz. 
 
Plasma reactor 
The generation of electrical discharge in the present study was carried out in a 
plasma reactor. Its cross section is shown in figure 8. The plasma reactor consists of a 
quartz cylinder and two Teflon
®
 electrode holders. Two round titanium electrodes 
with a radius of 1 cm and a thickness of 0.5 cm are placed parallel. One of the 
electrodes is covered with an electrode coating and connected to the HV-power 
supply, another electrode is grounded. From the back side either electrode is 
connected to a screw to provide electrical contacts with the power supply or with the 
ground. The stainless steel screws enable the electrode distance variations from 1.04 





Figure 8. Plasma reactor 
 
In order to minimize the inductance of the system, the HV cable connecting 
the plasma generator and the plasma reactor should be as short as possible. However, 
its length is determined by the relative location of the plasma reactor and the plasma 







The characteristics of the voltage and current across the electrodes were 
measured by a two channel oscilloscope (Tektronix TDS 2012C, USA) which was 
triggered by the HV pulse unit. A high voltage probe PVM-1 (1000:1 attenuation, 
North Star High Voltage, USA) was used for voltage measurements and a Rogowski 
current transducer (2.00 mV/A, PEM Ltd., UK) was used for current measurements. 
The characteristics of electric pulses were determined as follows: 
 
- The electric pulse amplitude is the difference between the initial and the 
maximal values of the electric pulse 
- The pulse rise time was determined as the time during which the signal 
increases from 5 to 95 % of the amplitude  
- The pulse fall time was determined as the time during which the signal 
decrease from 95 to 5 % of the amplitude 
- The pulse duration was determined as the full width at half maximum of 
the electric pulse 
- The pulse energy was calculated by integrating the transient power curve 
by time 
 
2.2.1.2. Circulation system 
In the present study, the plasma reactor was incorporated into a circulation 
system (figure 7(b)), which served for two main purposes. Firstly, since the electrical 
discharge generation is accompanied by intense thermal emissions, the cooling of the 
aqueous solution is required in order to keep the constant solution temperature. When 
the pulse repetition rate is high enough (≳ 10 Hz), the solution is heated by ~1°C/min. 
Thus, at the long operation the thermal effects may influence significantly the 
physical and chemical properties of the solution. Besides, the increased temperature 
might cause the destruction of the reactor parts as well as the electrode coatings. 
Secondly, since the mixing of the solution is required. The active volume of plasma 
reactor which is exposed to electrical discharge is varied from 2.1 ml to 5.1 mL 
(depending on d), while the total volume is 45 mL. For the degradation of organic 
compounds, the larger solution volumes are required.  
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Solution from the plasma reactor is transported by a magnetic drive pump 
(Iwaki Magnet Pump, model MD-30FX) to a double-walled open flask. The flask is 
connected to a thermostat (Huber Kaeltemaschinenbau GmbH, Offenburg, Germany) 
which supports the solution temperature of 20 °C. The solution from the flask is 
transported back into the plasma reactor. The maximal volume of the water cycle is 
270 mL. 
Electrical discharges were generated in aqueous solutions with different values 
of solution conductivity. It was adjusted by sodium sulfate and measured by a 
conductometer 712 Metrohm (Model 1.712.0010, Herisau, Switzerland).  
 
2.2.2. Electrode coatings 
Three ceramic coatings with different composition and thickness were 
examined in this study with respect to electrical discharge formation. First electrode 
coating – Grey Alumina Coating of 50 μm thick (GAC50) - was produced by 
Medicoat AG (Maegenwil, Switzerland) using DC arc plasma-spray technique. The 
coating represented a mixture of α- and γ-Al2O3. Second electrode coating – Grey 
Alumina Coating of 250 μm thick (GAC250) - was produced from the mixture of α- 
and γ-Al2O3 by TU Ilmenau, Germany using inductively coupled plasma-spray 
technique. Third electrode coating – White Alumina Coating of 500 μm thick 
(WAC500) - was made of Rubalit 708 HP material (CeramTec GmbH, Germany). 
The sintered layer consists of almost pure (96 %) α-Al2O3 with no porosity. 
 
2.2.3. X-ray diffraction spectra and Scanning electron microscope imaging 
Phase identification of all three coatings was carried out using X-ray 
diffraction (XRD) method with CuKα radiation. The XRD spectra were measured by 
an X-ray diffractometer (D8 Advance, Bruker AXS GmbH, Germany) from 5º to 90º 
2-theta angular range. The morphology of coating surfaces was characterized using an 








2.2.4. Chemical methods 
 
            2.2.4.1. Determination of hydrogen peroxide 
 
The generation of underwater electrical discharge is accompanied by the 
formation of hydrogen peroxide (H2O2). In the present study, the change of H2O2 
concentration was used as an indicator of electrical discharge generation. Due to its 
relatively high stability, H2O2 can be found in the solution long after its formation (the 
lifetime is up to a few days). In the present study, H2O2 was quantified 
colorimetrically using Allen’s method (Allen et al, 1952). The fundamental reaction 




                                 H2O2 + 2I
-
 → I2 + 2OH
-          
                                           (4) 




                                                          (5) 
 
The oxidation of the iodide ion by H2O2 to form molecular iodine (equation 4) 
is followed by the formation of triiodide ion in the excess of iodide ions (equation 5). 
The formed triiodide ion (yellow color) is measured colorimetrically. Its amount is 
equal to the amount of the formed H2O2. The concentration of I3
- 
was calculated 
according to the Lambert-Beer’s Law: 
 
                                             A = ε·l·C,                                                      (6) 
 
where A is the absorbance (a.u.), ε is the molar extinction coefficient (L/(mol·cm)), l 
is the length of the light path (cm), C is the concentration (mol/L).  
Iodide anion was formed onsite through the reaction between reagents A and 
B. The reagent A: 1 g of NaOH, 33 g of KI, 0.1 g of (NH4)6Mo7O24·4H2O in 500 ml 
of distilled water. The reagent B: 10 g of KHPh in 500 ml of distilled water. 1 ml of 
the reagent A, 1 ml of the reagent B and 1 ml of the sample solution containing H2O2 
were mixed and transported into the quartz cuvette. The absorbance was measured at 
350 nm with a Lambda 25 UV-VIS spectrophotometer (Perkin Elmer, LAS GmbH). 




2.2.4.2. Determination of hydroxyl radical 
Hydroxyl radical (OH
•
) is another reactive specie, along with hydrogen 
peroxide, which is formed in the aqueous solution exposed to electrical discharges. 
The lifetime of OH
• 
(up to a few ms) is much shorter than that of H2O2, therefore, for 
its quantification a direct method described by Mason et al, 1994 was employed.  
Quantification of hydroxyl radicals was carried out using disodium salt of 
terephthalic acid (NaTA) (Saran et al, 1999). NaTA (non-fluorescent) is known as an 
OH
•
 scavenger; it reacts with OH
•
 to form 2-hydroxyterephthalic acid (HTA, 
fluorescent) according to equation 7. The concentration of HTA was determined by its 
fluorescence, which yield is proportional to the OH
•
 concentration in the solution in 
the excess of NaTA. 
The HTA fluorescence yield was measured with an RF 5301 PC spectro-
fluorophotometer (Shimadzu, Germany). The excitation wavelength was set at 315 
nm and the fluorescence spectra of the solution were collected in the range of 320 nm 
- 500 nm. The peak intensity was quantified for each solution at the emission 
wavelength of 425 nm.  
    
                                                                         (7) 
 
Mason et al, 1994 reported on the reduced yield (up to 35%) of this reaction in 
solutions with considerable content of O2. Since all solutions investigated in the 
present work were exposed to the air, one cannot precisely calculate the amount of 
OH
•
 by this method. However, the quantification of HTA enables to estimate the 
increase or decrease of OH
•
 concentration, thus, along with H2O2, serving as a 









2.3. Results and discussions 
 
2.3.1. Equivalent electric circuit of the discharge gap 
 
Equivalent electric circuit of the plasma discharge gap used in this study is 
presented in figure 9.  
 
 
Figure 9. Equivalent electric circuit of the discharge gap 
 
 
In figure 9, I0 is the total current and V0 is the voltage across the electrodes; Cd 
and Rd are, respectively, the capacity and resistivity of the ceramic layer covering the 
high-voltage electrode; Cs and Rs are, respectively, the capacity and resistivity of the 
aqueous solution in which the electrodes are submerged. The successful generation of 
electrical discharge implies the breakdown on the discharge gap simultaneously with 
no breakdown of the electrode coating. For this, the properties of the aqueous solution 
and electrode coating should be investigated in order to find the optimal values of Cd, 
Rd, Cs and Rs. Electrode coatings with different composition and thickness were tested 
in order to adjust Cd and Rd values, while the solution properties (Cs and Rs) were kept 








2.3.2. Factors influencing electrical discharge inception 
 
 
2.3.2.1. Electrode coatings 
 
In the present work ceramics was chosen as a coating material for the 
generation of electrical discharge in aqueous solution with large-are electrodes. The 
present chapter describes the influence of coating parameters – composition, thickness 
and surface structure – on the electrical discharge inception. In this chapter the 
capacity and resistivity of the dielectric layer were varied, whereas the capacity and 
resistivity of the aqueous solution were kept constant. 
The electrical discharge generation was mainly monitored visually. The visual 
control was also accompanied by the current and voltage waveform analysis and the 
formation of reactive species (hydroxyl radical (OH
•
) and hydrogen peroxide (H2O2)). 
The properties of the tested electrode coatings are summarized in table 3. GAC50 is 
an electrode coating made of a mixture of α- and γ-Al2O3 with the thickness of 50 μm 
and provided with porosity. GAC250 is an electrode coating with the same 
characteristics as GAC50, but with a bigger thickness (250 μm). WAC500 is an 
electrode coating made of a pure α-Al2O3 (96%) of 500 μm thick without porosity. 
 
Table 3. Properties of electrode coatings 
Coating Producer Composition Thickness 
(μm) 
Porosity 
     
GAC50 Medicoat AG Mixture of α- and 
γ-Al2O3 
50 Yes 
GAC250 TU Ilmenau Mixture of α- and 
γ-Al2O3 
250 Yes 
WAC500 Ceram Tec GmbH Pure α-Al2O3 500 No 
 
 
Electrode coating GAC50  
No electrical discharge generation under any conditions was observed using 
grey alumina with the thickness of 50 μm as a coating material (GAC50). Increase of 
the spatially averaged electric field strength (AEFS) up to 18 kV/cm (d = 1.5 cm, U = 
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27 kV) resulted in the arc discharge. Therefore, this value of the AEFS was found to 
be a limit for the given coating, above which the full breakdown of the electrode gap 
occurs. The change of solution conductivity that was ranged from 100 μS/cm to 2 
mS/cm did not make any positive influence on the electrical discharge generation.  
The arc discharges have led to the coating destruction as lots of craters and 
fractures appeared on the surface of GAC50 exposed to high-voltage pulses. Scanning 
electron microscope images of the coating surface with length scales of 10 and 500 
µm are presented in figure 10. The surface deterioration evidences the lack of 
mechanical stability of GAC50. The craters were assumed to be caused by the 




Figure 10. Scanning electron microscope images of GAC50 (conditions are listed in the Experimental 
part) 
  
Significant amount of H2O2 was formed in the aqueous solution using GAC50 
and measured using chemical methods. Both processes – electrical discharge and 
electrolysis – might lead to the H2O2 formation. Since the electrical discharge 
generation was not observed, it was assumed that the main source of H2O2 were 
electrochemical reactions. H2O2 formation results from the dimerization of hydroxyl 
radical (equation 9) formed by the anodic oxidation (equation 8):  
 
                                     OH
- 
- ē ⇄ OH•                                                                                           (8) 








The change of H2O2 concentration with time is shown in figure 11. H2O2 was 
produced by GAC50 in amount of 80 μM after 90 min of applying high voltage pulses 
(U = 26 kV, d = 1.5 cm, σ = 1 mS/cm). The most rapid increase of the concentration 
occurs during the first 50 minutes. Small change of the H2O2 concentration during the 
last forty minutes of operation suggests that the stationary concentration is achieved 
and the rate of H2O2 formation is equal to the rate of its decomposition. 
 
 
Figure 11. Formation of H2O2 with GAC50 
 
The waveforms of the current and voltage across the discharge gap are 
presented in figure 12 for solution conductivity of 2 mS/cm. Peak of the current 
waveform is shifted with respect to the peak of voltage waveform indicating the 
presence of a capacitance in the electric circuit. The peak on the current waveform is 
essentially the displacement current and, as it is clearly seen from the figure, it is not 
followed by the discharge current. Despite the ceramic layer of GAC50 acts as a 
capacitance, its resistance is not high enough to insulate the metal surface and avoid 
the leakage of electrons, which is evidenced by electrolysis. Thus, the reason of 
electrolysis in case of GAC50 is poor insulating properties of the ceramic layer. The 
low resistance of GAC50 can be explained by a number of factors including porous 
surface structure, low density, amorphous structure of γ-Al2O3, insufficient thickness 





Figure 12. Current (blue) and voltage (yellow) waveforms for GAC50 
 
Because of the poor mechanical stability, GAC50 is unable of protecting the 
metal electrode from destruction and corrosion. Poor insulating properties of GAC50 
make it unable of acting as a barrier for electrons. Thus, the input energy in case of 
GAC50 is spent on the electrochemical processes (i.e. electrolysis) instead of the 
electrical discharge generation.  
 
Electrode coating GAC250 
In order to check the effect of the coating thickness on its ability of electrical 
discharge generation, a thicker electrode coating with the same composition as 
GAC50 was used. The new coating – GAC250 – was five times thicker (250 μm) than 
the previous one.  
With this coating, electrical discharge was observed for the wide range of 
electric field values. The threshold value of AEFS for the electrical discharge 
inception was found to be 7.3 kV/cm (U = 22 kV, d = 3 cm), whereas the upper limit 
was found to be 20 kV/cm (U = 30 kV, d = 1.5 cm). Further decrease of the electrode 
distance and/or increase of the voltage pulse amplitude has led to the formation of arc 
discharges. Change of the solution conductivity that was ranged from 100 μS/cm to 2 
mS/cm did not make any influence on the threshold value of AEFS for electrical 
discharge generation. Solution conductivity only influenced the brightness and the 
shape of the electrical discharges.  
The arc discharges did not lead to the formation of craters on the surface of 
GAC250, however, GAC250 was fractured after exposure to the high-voltage pulses 
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(figure 13). It suggests that the breakdown of the coating did not take place, however, 
the mechanical stability of the coating was not significantly improved by the increase 
of its thickness. 
 
 
Figure 13. Scanning electron microscope images of GAC250 (conditions are listed in the Experimental 
part) 
 
The waveforms of the current and voltage across the discharge gap are shown 
in figure 14 for solution conductivity of 2 mS/cm. Differences in current and voltage 
waveforms for GAC250 were observed in comparison with the ones for GAC50. The 
first maximum of the current waveform was observed at 460 ns as it was in case of 
GAC50 indicating the charging of the capacitor. The following current decrease 
simultaneously with the voltage increase corresponds to the fully charged capacitor. 
As the voltage drops down, the discharge current starts flowing. The second current 
maximum (520 ns) is related to the electrical discharge (i.e. discharge current). The 
small amplitude of the discharge current, however, suggests that the discharge is very 
weak. The increase of the discharge brightness and at the same time the increase of 
the second maximum was observed when the applied voltage was increased. Thus, 
unlike in GAC50, GAC250 was able of the electrical discharge generation which was 





Figure 14. Current (blue) and voltage (yellow) waveforms for GAC250 
 
The presence of two processes – electrical discharge and electrolysis – 
obstructs the description of the phenomena. In order to find out, whether or not 
electrolysis occurs simultaneously with the electrical discharge generation using 
GAC250, H2O2 formation was measured with and without electrical discharge. For the 
experiments in the absence of electrical discharge, the voltage was set at the value 
slightly below the threshold for the electrical discharge inception (U = 20 kV, d = 3 
cm). With no electrical discharge, the concentration of H2O2 was below the detection 
limit of the used technique (CH2O2 < 0.01 μM after 90 min of operation).This 
experiment indicates the negligible part of electrolysis in the electrical discharge 
generation using GAC250. The concentration of H2O2 on the edge of the detection 
limit was measured in the presence of electrical discharge (CH2O2 = 1 μM after 90 min 
of operation, figure 15(a)). It indicates the low chemical activity of the electrical 
discharge using GAC250. The formation of H2O2 during the electrical discharge 
proceeds through the recombination of hydroxyl radical (OH
•
) according to equation 
9. However, unlike in the electrochemical formation of OH
• 
by oxidation of hydroxyl 
anions on the anode surface, the formation of OH
• 
by underwater electrical discharge 
is due to the plasma-chemical reactions. The mechanism of the plasma-chemical 
splitting of water molecules will be discussed in the next chapter.   
Thus, the electrical discharge generation could also be monitored by 
measuring the formation of OH
•
. The change of OH
• 
concentration with and without 





 formation in the absence of discharge. The grey circles correspond to the OH
•
 
formation when electrical discharge takes place. The fact that electrolysis does not 
take place in using GAC250 is evidenced by the negligibly low concentration of OH
•
 
in the case of absence of electrical discharge (CHTA < 2 nM after 90 min of operation). 
In the presence of electrical discharge the amount of OH
•
 increased significantly 
(CHTA = 22 nM after 60 min of applying high voltage). This result indicates that the 
main source of OH
• 
is the plasma-chemical reactions rather than electrolysis. The 
observed decrease of OH
•
 concentration after 60 min of operation (figure 15(b)) is 
explained by the fact that the generation of electrical discharge generated using 
GAC250 starts ceasing after this time. 
 
  
Figure 15. Formation of (a) - H2O2 and (b) - HTA with GAC250 (the amount of HTA is taken as a 
measure of OH
•
 formation, see the Experimental part) 
 
Besides the ability of electrical discharge generation, GAC250 demonstrated 
another effect that consisted in the disappearance of the discharge channels. It was 
noted that the number of the discharge channels decreased with time until they 
completely faded. The time during which the discharges were observable varied from 
20 min to 1 hour depending on the AEFS and solution conductivity. At low values of 
the AEFS and low solution conductivity the discharges were more long-lived than at 
the high values of AEFS and solution conductivity. Revival of the faded electrical 
discharges became possible only after the solution was removed from the system and 
the electrodes were dried up. 
This effect was discussed in the literature (Lukes et al, 2009) and explained by 
the formation of the surface charge on the ceramic layer. The accumulated charges 
reduce the electromagnetic field on the ceramic electrode acting as a screen. The 
authors proposed either to vary periodically the polarity of the applied voltage (e.g. by 
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using an AC source) or to use relevant ions in order to extend the time of the 
discharge. The polarity could be changed using alternating current which, however, 
contradicts the conditions chosen for the present study. Following to the second 
suggestion of the authors, solution composition was changed, but it made no visible 
effect on the extension of the discharge life time.  
In the present study, the explanation of the observed phenomenon concerns the 
surface structure of the coating. GAC250 was provided with porosity, which is 
supposed to be necessary for the electrical discharge generation (Lukes et al, 2009, 
Hartmann et al, 2009). The pores are supposed to be the points where the electric field 
is enhanced which facilitates electrical discharge formation. However, at the same 
time porosity can play a negative role. In aqueous solution exposed to electric field, 
pores can be clogged by ions of the solution. It prevents the following electrical 
discharge formation.  
In general, GAC250 acted as a better barrier than GAC50. It had worse 
dielectric, but better insulating properties, which resulted in the electrical discharge 
generation and prevention of electrolysis. Insufficient mechanical stability, however, 
suggests that further improvement of the coating properties is required. The issue of 
streamer disappearance can be solved by using the coating without porosity.         
 
Electrode coating WAC500 
One of the ways to improve properties of the electrode coating is to change its 
composition. Amorphous structure of grey alumina is supposed to have worse 
stability than more structured white alumina.  Admixtures of γ-Al2O3 in the grey 
alumina significantly deteriorate the mechanical stability and dielectric properties of 
aluminium oxide. 
The γ-Al2O3 unit cell has a tetragonal cell structure. In the pure γ -Al2O3 phase, 
the termination points are oxygen atoms. Thus, the surface is planar and is expected to 
be unstable. The α-Al2O3 unit cell has a hexagonal cell structure, with a rhombehedral 
primitive cell. In the pure α-Al2O3 phase, the termination points are aluminium atoms 
and the surface is non-planar and therefore more stable. Thus, the most stable phase of 
Al2O3 is pure α-Al2O3, whereas the mixture of different Al2O3 phases is less stable 
and less dense (Ahn et al, 1997).  
The third electrode coating used in this work – WAC500 - was made of almost 
pure α-Al2O3 (96%) with the thickness of 500 μm. No porosity was attached to the 
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WAC500 in order to eliminate the effect of streamer disappearance. Five pinholes 
were drilled through the coating to serve as spots of electromagnetic field 
enhancement. The pinholes had a diameter of 0.1 mm, which was assumed to be 
sufficient to distort electric field, but at the same time not to be deadly clogged by 
ions of the solution. Thus, the electric discharges generated with WAC500 and 
GAC250 differed by the nature from each other. The discharges with GAC250 were 
attributed to DBDs, whereas the discharges with WAC500 were attributed to the 
diaphragm discharges. The diaphragm discharges in the present study differed by the 
ones described in the literature as the diaphragm was positioned not in the middle of 
the electrode gap, but was directly adjoined to the electrode.  
Five discharge channels, each positioned exactly at the pinhole, were formed 
using WAC500. The threshold value of the AEFS for electric discharge inception was 
found to be 7 kV/cm (U = 21 kV, d = 3 cm). The upper limit of the AEFS was found 
to be 28.7 kV/cm (U = 43 kV, d = 1.5 cm). The effect of solution conductivity on the 
electrical discharge generation with WAP500 was similar to the one with GAP250.  
No deterioration of the coating was detected after the WAC500 was exposed 
either to high-voltage pulses and/or spark discharges (figure 16). No cracks or craters 
on the surface of WAC500 showed the high mechanical stability of the coating. It 
could be explained by both – the thicker ceramic layer and the coating composition.  
 
 
Figure 16. Scanning electron microscope images of WAC500 (conditions are listed in the Experimental 
part) 
 
The waveforms of current and voltage across the discharge gap with WAC500 
are presented in figure 17 for U = 25 kV, d = 3 cm, σ = 2 mS/cm. The discharge 
current with WAC500 (~220 A) is much higher than the discharge current with 
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GAC250. The peak of current and voltage pulses are not shifted as it was in the case 
of GAC250 suggesting that the capacitive properties of the coating were changed. The 
increase of the layer thickness has led to the decrease of its capacitance according to 
the equation 1. Assuming that εrε0 value does not vary significantly for the tested 
coatings, the capacitance of WAC500 then is ~10 times less than the capacitance of 
GAC50 and 2 times less than the capacitance of GAC250.Thus, WAC500 had the 
poorest capacitive properties among the tested coatings, therefore failed to act as 
dielectric barrier, which reflected in the current and voltage waveforms. 
 
 
Figure 17. Current (blue) and voltage (yellow) waveforms of electrical discharge generated with 
WAC500 
 
Despite the bad capacitance, WAC500 was expected to demonstrate better 
insulating properties. In order to examine the ability of WAC500 to act as an insulator 
and act as a barrier for electrons, the formation of H2O2 was measured using 
WAC500.  As well as in the case of GAC250, two processes – electrolysis and 
plasma-chemical reactions may lead to the H2O2 formation. Therefore, H2O2 
formation was measured with and without electrical discharges. The measurements of 
H2O2 by electrolysis was carried out using U = 20 kV, d = 3 cm and σ = 1 mS/cm in 
the absence of electrical discharge. As the concentration of H2O2 was below the 
detection limit after 90 min of operation, it was concluded that electrolysis took a 
negligible part. The formation of H2O2 by recombination of OH
•
 resulted from the 
plasma-chemical reactions, was measured with U = 30 kV, l = 3 cm, σ = 1 mS/cm in 
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the presence of electrical discharge. The increase of H2O2 concentration with time is 
shown in figure 18(a) and it achieves the value of 23 μM after 90 min of operation. To 
confirm this result, the formation of OH
• 
was measured with and without electrical 
discharge (figure 18(b)). The concentration of HTA
 
on the edge of detection limit was 
measured without electrical discharge (black squares). The considerable increase of 
HTA concentration with time in the presence of electrical discharge (grey circles) 
indicates the plasma-chemical nature of OH
• 
formation. Thus, these results allow the 
conclusion that WAC500 had very good insulating properties, which have led to the 
prevention of electrolysis. The fact that much higher amounts of OH
• 
and H2O2 were 
formed by the electrical discharges with WAC500 than with GAC250 allows to 
conclude that the discharge with WAC500 were characterised by a higher chemical 




Figure 18. Formation of H2O2 and HTA with WAC500 
 
Unlike in GAC250, electrical discharges generated with WAC500 did not 
disappear over the entire time of the coating usage, nor did the discharges pale or 
become thinner with time. The coating lifetime was estimated to vary from 20 to 30 
hours of continuous operation depending on the experimental conditions. All further 
experiments described in the present study were carried out using WAC500. 
 
A remark about plasma-spray technique 
As it was discussed above, mechanical stability, dielectric and insulating 
properties of electrode coating are determined by the layer thickness and the coating 
composition. Therefore, it is crucial to use materials with certain composition which 
do not change their properties under any conditions. 
After the failure of GAC50 to generate electrical discharge, the decision was 
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made to change the coating composition from grey to white alumina. The new coating 
was produced using a plasma-spray technique and was supposed to consist of pure α-
Al2O3 which was evidenced by the white colour. However, the XRD spectra of the 
new coating revealed that it contained significant amount of γ-Al2O3 (figure 19). 
Thus, after the determination of the coating composition by XRD analysis, the 
material of the new coating was defined as grey alumina. The question arises, what 
were the reasons of the uncontrolled phase transformation? 
 
 
Figure 19. X-ray diffraction spectra of the ceramic coatings: (a) – GAC50, (b) – GAC250  and (c) – 
WAC500. The spectra are vertically shifted for clarity 
 
The phase content of coating strongly depends on the spray parameters. The 
phase transformation from α- to γ-Al2O3 during thermal spraying under certain 
conditions may occur. Thus, using the plasma-spray technique, α-Al2O3 could be 
turned into the mixture of α- and γ-Al2O3. The evidence of this transformation in case 
of GAC250 was confirmed by X-ray diffraction analysis. Figure 19 demonstrates 
XRD spectra of GAC50, GAC250 and WAC500. The XRD spectra from GAC50 and 
GAC250 clearly show that both coatings consist of α- and γ-Al2O3 mixture. 
According to (Shaw et al, 2000), at I.V/Ar (electrical power to the primary Ar gas 
flow rate) ≥ 310 the following phase transformation may occur: 
 
           α-Al2O3 (starting phase) → mostly γ-Al2O3, few α-Al2O3 (end phase)          (10) 
 
Thus, the second tested coating, which was supposed to be made of pure α- Al2O3 
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(Dzur B., PD Dr.), was turned into the mixture of α- and γ-Al2O3 during the plasma 
spray process.   
The XRD spectrum of WAC500 (figure 19(c)) corresponds to almost pure α-
Al2O3. Sintering of pure α-Al2O3 did not change the coating composition, unlike in 
plasma-spray technique, as almost no admixtures in the XRD spectrum of WAC500 
were observed. 
 
2.3.2.2. Electric field strength 
 
Many studies report on the effect of voltage pulse amplitude on the initiation 
and properties of electrical discharge. However, the applied voltage is not the 
important parameter, but the applied electric field. It is apparent that the higher 
applied voltage and the shorter the inter-electrode distance (electrode gap) will result 
in a higher probability of electrical discharge inception. Both parameters determine 
the value of averaged electric field strength given according to the equation 2. 
The influence of the inter-electrode distance on the threshold voltage of 
electrical discharge inception is presented in figure (20) (the error bars are overlapped 
by the symbols).  
 
 
Figure 20. Influence of the inter-electrode distance on the threshold voltage of the electrical discharge 
inception 
 
The range of the tested d values was limited by the dimensions of the plasma 
reactor (dmin = 1.04 cm, dmax = 3.24 cm). The threshold voltage was determined as the 
voltage at which a sustainable electrical discharge appears. The obtained results 
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demonstrated that the threshold voltage is lower for the shorter inter-electrode 
distances and higher for the longer discharge gaps. From practical point of view, it is 
easier to adjust voltage than inter-electrode distance, because the latter requires 
modification of the hardware. As it follows from the figure, the dependence of the 
threshold voltage on the inter-electrode distance is not a straight line and, therefore, 
the threshold value of the AEFS is not constant. For the short inter-electrode 
distances, higher values of the AEFS are required. Lower values of AEFS for long 
inter-electrode distances suggest that less power is required for electrical discharge 
inception under these conditions.  
 
2.3.2.3. Solution conductivity 
 
Along with the electrode coatings and AEFS, solution conductivity is a key 
parameter in the electrical discharge initiation. Its effect was investigated varying Cs 
and Rs values (figure 9), whereas Cd was constant and Rd was omitted from 
considerations. 
Since the water is a resistive medium, the threshold value of the applied 
voltage depends on the conductive properties of the water layer. Threshold voltage of 
the electrical discharge inception was measured for different solution conductivities 
(figure 21) (the error bars are overlapped by the symbols). The results demonstrate 
that the increase in the solution conductivity leads to the decrease in the threshold 
voltage. Thus, in solution with higher conductivity, one needs to apply lower voltage 
to generate electrical discharge. The resistance of the aqueous layer decreases by the 
addition of ionic substances. Thus, the charge transfer is more efficient in solutions 
with high conductivities. Since the probability of the electrical discharge inception 
directly depends on the current flow, the electrical discharge is generated likelier at 
high values of solution conductivity. The slope of the curve decreases as the solution 
conductivity increases (figure 21). The discharge inception voltage is almost 
independent on the solution conductivity higher than 3 mS/cm. It suggests that at 
further increase of the solution conductivity (˃ 4 mS/cm) the electrical discharge 
inception will take place at the applied voltage of ~12 kV. For the electrical discharge 
inception in solutions with very high resistivity (low conductivity), one needs to apply 
very high voltages to breakdown the liquid. It is very difficult to manage such 
discharges, because the range of voltage at which the discharge occurs is very narrow. 
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Thus, in the solution with conductivity of 0.1 mS/cm the threshold voltage was found 
to be 24.5 kV and the electrical discharge turned into the arc discharge as the voltage 
was increased up to 28 kV.  It must be noted that in the present study, using the 
distilled water with σ = 0.3 µS/cm, no electrical discharge was observed under any 
values of AEFS (AEFSmax = 38.46 kV/cm, i.e. d = 1.04 cm, U = 40 kV). 
 
 
Figure 21. The effect of solution conductivity on the threshold voltage of the electrical discharge 
inception 
 
The detailed explanation of the observed phenomenon could be found from the 
analysis of current and voltage waveforms. Figure 22 presents the difference in 
voltage waveforms for different solution conductivities. All measurements were 
carried out with the constant voltage across electrodes (30 kV). The voltage rise time 
is independent on the solution conductivity and estimated to be of 100 ns (90% of 
amplitude, figure 22), while the voltage fall after the maximum is different. The faster 
current dissipation in the discharge gap, inherent to the high solution conductivity 
(low resistance of the water layer), results in the shortening of the voltage pulse width 
as the solution conductivity increases. The discharge process is faster when the 
resistance is smaller, thus for the solution conductivity of 2 mS/cm, for example, the 
discharge occurs much faster (the pulse width at 50 % of amplitude is 160 ns) than 
that in case of 0.25 mS/cm solution (the pulse width at 50 % of amplitude is 700 ns). 
Thus, the supplied power dissipates faster in case of high solution conductivity and 
slower in case of the lower solution conductivity.  
The effect of the solution conductivity on the current waveforms was also 
observed (figure 23). Three main features can be distinguished: (i) the current pulse 
duration increases as the solution conductivity decreases resembling the voltage pulse 
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behavior; (ii) unlike in the case of voltage effect, the rise time of current pulse is 
dependent on the solution conductivity; (iii) the current amplitude increases with 
increase of solution conductivity.  
In a highly conductive solution, the concentration of ions is high, therefore 
more charged species are present. When the electric field across electrodes is applied, 
the charges start moving and heating the liquid.  Due to the enhanced Joule heating, 
more intense bubble formation occurs when the electrical discharge is initiated in the 
solution with high conductivity. This fact simplifies the bubble formation – a process 
that precedes the electrical discharge initiation. Therefore, electrical discharge 
inception will occur faster, when solution conductivity is high. Thus, the current rise 
time becomes shorter when solution conductivity increases.  
The longer rise time of the current pulse in case of low conductivity is 
explained by the slower propagation of the discharge channels. In highly conductive 
solutions, the discharge channels propagate simultaneously in many different 
directions (branching of the discharge channels is described in Chapter 3); whereas in 
low conductive solutions, the discharge channel preferentially propagates in a straight 
direction towards the opposite electrode. Thus, in the first case, the dissipation of the 
discharge power and the breakdown occur faster than in the second case, which is 
reflected in the shorter rise time of the current pulse for high solution conductivities.    
The higher current pulse amplitude in case of high solution conductivity is 
explained by the fact that the water layer, acting as a better conductor than the one in 
case of low solution conductivity, transfers more charges and therefore more current 









Figure 23. Current waveforms of electrical discharge generated at different values of solution conductivity 
 
 
2.3.2.4. Pulse repetition rate  
 
The effect of the pulse repetition rate on the electrical discharge inception was 
tested in a broad range of F values (1 - 50 Hz). The high pulse repetition rate of the 
electric pulse leads to the higher consumption and dissipation of the electric power. 
Thus, higher pulse repetition rate will result in faster heating of the surrounding 
media, uprising its conductivity and thus, facilitating electrical discharge inception. 
However, in the present study, the pulse repetition rate was found to make no 
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influence on the electrical discharge inception. Moreover, using high pulse repetition 
rate, more efficient solution circulation and cooling are required. Additionally, every 
event of electrical discharge influences, in some extent, the lifetime of electrode 
coating. Even very stable materials (e.g. white alumina) are affected by such effects as 
shock waves, unavoidable arc discharges and high temperature which accompany 
electrical discharge. Thus, the use of high values of pulse repetition rate will speed up 
the deterioration of electrode coating. 
 
2.3.3. Electrical discharge formation 
 
As described above, the high-voltage electrode used in the present study was 
covered with a ceramic layer in which five pinholes (∅ = 0.1 mm) were drilled. The 
insulating role of the electrode coating consists in the prevention of electrolysis and 
protection of the electrode from corrosion. In this subchapter, the role of the pinholes 
in the electrical discharge generation is discussed. The way the electrical discharge is 
generated in the present study using WAC500 has much in common with the 
―diaphragm discharge‖ (Baerdemaeker et al, 2007, Sato et al, 1999). On the one hand, 
the pinholes have the function of the pores i.e. the pinholes serve as the points of the 
local electric field enhancement. The bigger diameter of the pinholes compared to the 
dimension of pores, however, enables to avoid the disadvantages of the porosity 
(electrical discharge disappearance). Additionally, the pinholes can be considered as 
the capillaries, but with very small value of the length-to-diameter ratio (l/∅ = 5, in 
the present study). However, this value is assumed to be enough to generate the 
electrical discharge not in contact with metal electrode. 
When the voltage pulse is applied across the electrodes, a weak conductive 
current inside the pinhole occurs heating the aqueous solution. As the input energy 
increases, the solution in the pinhole starts vaporizing forming a bubble of the water 
steam. The formed water bubble inside the pinhole undergoes to the electrical 
breakdown. The observable optical emission becomes possible after a further increase 
of the input power, when the energy released from the micro-bubble breakdown 
becomes enough to sustain continuous bubble formation by vaporization of the 
surrounding liquid. Thus, the discharge initiation in an aqueous solution passes the 
stages of the solution heating, micro-bubble formation and breakdown in the micro-
bubble before the breakdown of the bulk solution takes place. 
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2.3.4. Energy per electric pulse 
 
The determination of energy per electric pulse is necessary for the calculation 
of the energy consumption during the electrical discharge generation. The pulse 
energy could be determined from the analysis of voltage and current waveforms. 
Multiplication of the corresponding transient values of voltage (U(t)) and current (I(t)) 
allows the determination of the transient discharge power (P(t)) according to:  
 
P(t) = U(t)·I(t)                                                 (11) 
 
The obtained values of the transient power are plotted against time in figure 24 
for the solution conductivity of 2 mS/cm (U = 30 kV). The integration of the power 
curve by time gives the total energy (Epulse) dissipated during one electrical discharge: 
 
Epulse =  ∫       
  
  
                                                 (12) 
 
The limits of integration in this equation correspond to the duration of the 
active phase of the discharge. Time limits of the discharge process can be determined 
by tracing the development of the discharge light in time. The detailed description is 
performed in Chapter 3.3.2.4., where the method of time-resolved emission 
spectroscopy is employed. Thus, for solution conductivity of 2 mS/cm, the active 
phase of the discharge was found to be 200 ns, which was taken as the (t2-t1) in the 
equation 12. The pulse energy, thus, was calculated to be 0.94 J for 2 mS/cm.  
Since solution conductivity has a great influence on the electric pulse 
characteristics, it would also influence the electric pulse energy. The effect of the 
solution conductivity on the energy per electric pulse is shown in figure 25. The 
integration limits for all other solution conductivities were determined analogically to 
the 2mS/cm. 
The discharge energy increases with increase of solution conductivity. At the low 
values of solution conductivity this effect is more pronounced than at the high values 




Figure 24. Calculation of the energy per electric pulse on the example of solution 
conductivity of 2 mS/cm 
 
Figure 25. Effect of the solution conductivity on the energy per electric pulse 
 
 
conductivity. As mentioned above, the capacitive properties of the discharge gap 
increase with decrease of solution conductivity. The water layer, acting as a capacitor, 
is not fully discharged in low conductive solutions, which results in the lower 
discharge energy for the less conductive solutions. The fact that in highly conductive 
solution the energy per electric pulse is higher suggests the electrical discharge 





2.3.5. Chemical activity of underwater electrical discharge 
 
The chemical activity of the electrical discharge was estimated by 
quantification of the chemical species generated by the discharge. In the chapter 
―Electrode coatings‖, it was found that the contribution of electrolysis in the H2O2 and 
OH
•
 formation is negligible for WAC500. Thus, the measured quantities of H2O2 and 
OH
•
 are to be attributed to the formation through the plasma chemical reactions. In 
this chapter, the liquid phase reactions induced by electrical discharges are studied. 
The effect of different discharge parameters on the H2O2 and OH
•
 formation is 
discussed.  
The hydroxyl radicals can diffuse into the bulk or recombine to form H2O2. 






 leads to the relatively stable molecular 
products according to the reactions (13) – (16): 
 
                                          H
• 
+ H
• → H2                                                                                    (13) 
                                    OH
• 
+ OH
• → H2O2                                                                              (14) 
                                      H
• 
+ OH
• → H2O                                                  (15) 
                                   OH
• 
+ O
• → O2 + H
•
                                                (16) 
 
Thus, O2, H2, OH
•
, H2O2 are present in the bulk solution for the long time (in 
the range of microseconds for OH
•
, in the range of several days for H2O2) after the 
electrical discharge and could be detected and quantified by chemical methods.   
For the OH
• 
quantification the method using 2-hydroxyterephthalic acid 
(HTA) was used which employs the NaTA as a scavenger for the OH
• 
(equation 7). It 
allowed the OH
• 
quantification before the recombination to form H2O2. However, 
Mark et al, 1998 reported on the reduced yield of 2-hydroxyterephthalate (HTA, up to 
35%) in the presence of O2. Thus, the method employed allows the relative 
quantification of OH
• 
in the present study as all solutions were saturated with the air. 
In the present study, the obtained data on the HTA formation do not allow the direct 
quantification of OH
• 
(not with 100% yield, nor with 35% yield). Therefore, it was 
assumed that the amount of the OH
• 






2.3.5.1. Effect of the solution conductivity 
 
The effect of the solution conductivity on the HTA formation (i.e. relative 
formation of OH
•
) is presented in figure 26(a). The reaction of the OH
•
 formation is of 
a zero order for the chosen range of conductivity (250 μS/cm – 4 mS/cm). After 90 
min of applying high voltage pulses (U = 30 kV, d = 2.04 cm) the solution did not 
become saturated with the OH
• 
as a stationary concentration was not achieved.  
The amount of the generated OH
• 
increases with the increase of the solution 
conductivity (figure 26(b)). When the conductivity is low, the electrical discharge is 
weak. As the solution conductivity rises, the electrical discharges of a higher energy 
are generated. Thus, the generation of electrical discharges in solutions with high 
conductivity leads to the more efficient OH
• 
formation. The same tendency was 
observed by Sun et al, 1997 for solution conductivities up to 80 μS/cm and Shih et al, 
2010 for solution conductivities up to 250 μS/cm. Both authors reported on the 
decrease of the OH
•
 formation with a further increase in the solution conductivity. 
Shih et al, 2010 proposed that the OH
•
 decrease must relate to the different discharge 
properties in solution with high conductivity. The higher solution conductivity, the 
shorter are the discharge channels, the less is the water-plasma contact, the lower is 
the OH
•
 yield. Thus, two opposite effects might influence the dependence of OH
•
 
formation from the solution conductivity: (i) more energetic electrical discharge 
formation in solutions with high conductivity; (ii) smaller area of the plasma/liquid 
interface with increase in the solution conductivity. The first effect leads to a direct 
proportionality of the OH
•
 formation on solution conductivity, whereas the second 
effect leads to a reverse proportionality. What effect will predominate depends on the 
experimental conditions and might include a number of factors, e.g. the tested range 
of solution conductivity, reactor design, characteristics of the electric pulse etc. In the 
present study, the increase of OH
•
 formation with increase of solution conductivity 
was observed suggesting that the effect of the discharge energy predominates over the 
effect of the discharge dimensions in the generation of OH
•





Figure 26. (a) – HTA formation in solutions of different conductivity; (b) - Effect of the solution 




Figure 27. (a) – H2O2 formation in solutions of different conductivity; (b) - Effect of the solution 
conductivity on the H2O2 formation 
 
The effect of the solution conductivity on the H2O2 formation is presented in 
figure 27. For these measurements the electrical parameters were the same as for the 
OH
•
 measurements. The concentration of H2O2 increases with time (figure 27(a)) 
tracing the OH
•
 behavior and does not become constant indicating that the formation 
of H2O2 has not reached the stationary concentration. The measured amount of H2O2 
is roughly two orders higher than the detected amount of HTA suggesting that the 
yield of the HTA through the reaction with OH
•
 (equation 7) is very low.  
The H2O2 formation shows an opposite effect compared to the dependence of 
OH
•
 formation on the solution conductivity. The increase of the solution conductivity 
has led to the decrease in the H2O2 yield (figure 27(b)). The highest H2O2 yield of 59 
μM after 90 min of applying high voltage pulses was observed for the solution 
conductivity of 100 μS/cm, whereas only 26.4 μM of H2O2 were formed in the 
solution with conductivity of 4 mS/cm. The observed effect can be explained by the 
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fact that H2O2 undergoes the decomposition by the plasma effects. H2O2 formed after 
the electrical discharge could be decomposed by high temperature and the UV light of 
subsequent electrical discharges. Thus, the longer the duration of operating, the more 
efficient will be the H2O2 decomposition. Two effects influence the dependence of the 
H2O2 formation on the solution conductivity: (i) the higher OH
•
 yield for the higher 
solution conductivities, which should lead to the higher amount of H2O2; (ii) H2O2 
decomposition by UV light and high temperature of the discharge, which should lead 
to the lower concentration of H2O2. Depending on what effect predominates, the 
concentration of H2O2 will grow up or fall down. In the present study, the second 
effect predominates, therefore, the observed results demonstrated the decrease of 
H2O2 concentration with increase of the solution conductivity. 
Apparently, it is not possible to measure the true amount of H2O2 produced by 
the electrical discharge using the Allen’s method. However, the quantification of the 
H2O2, which is present in the solution after the action of all the effects, is possible. 
This result is less valuable in terms of the investigation of chemical yield of the 
electrical discharge, but more valuable in terms of the application for the organics 
removal, since it shows how much H2O2 is really available and can react with the 
organic compounds. 
 
2.3.5.2. Effect of the pulse repetition rate 
 
The formation of the reactive species depends on time of the electric pulses 
were applied. Therefore, it will also depend on the input power which can be altered 
by varying the pulse repetition rate. The effect of the pulse repetition rate on the H2O2 
and OH
•
 formation was studied and presented in figure 28. The measurements were 
carried out in the solution with conductivity of 1 mS/cm, the inter-electrode distance 
was of 2 cm, the voltage amplitude across the electrodes of 30 kV.  
The HTA concentration increases with the increase of the pulse repetition rate 
(figure 28(a)). The lowest HTA yield (234 nM after 90 min of operation) was 
observed for the pulse repetition rate of 1 Hz, whereas the application of the HV 
pulses with the frequency of 40 Hz resulted in ~20 times higher HTA yield (4.85 μM 





Figure 28. Effect of the pulse repetition rate on: (a) - HTA formation; (b) – H2O2 formation 
 
frequency of applied electric pulse and the OH
•
 (HTA) yield, since it was assumed 
that the equal amounts of the reactive species are produced after every discharge 
event. However, the increase of frequency in 40 times has led to the increase of the 
OH
• 
production in 20 times, which is half as less than the expected value. This might 
be related to the saturation of the solution with the OH
• 
and therefore the decrease of 
the formation rate of OH
•
. It is also evidenced by the more gradual slope of the curve 
for 40 Hz during the last 30 min of operation. 
The formation of H2O2 increases with the increase of the pulse repetition rate 
(figure 28(b)). This dependence, however, is more considerable for the frequencies up 
to 10 Hz. For the higher frequencies (˃10 Hz), the H2O2 formation does not increase 
significantly. It could be explained by two effects: (i) the higher the pulse repetition 
rate, the higher is the amount of the formed H2O2, the slower is the further formation 
of H2O2; (ii) the effect of the decomposition of H2O2 by UV light and the increased 

















In this chapter, the electrical discharge generation in aqueous solution was 
discussed. The effect of different parameters on the electrical discharge inception was 
investigated.  
Among the tested electrode coatings, the one containing pure α-Al2O3 was 
shown to be the most suitable for the electrical discharge generation. Reproducible in 
time underwater electrical discharges were generated without the deterioration of the 
metal electrode. No evidence of electrolysis was observed or its part was negligible. 
For the plasma reactor used in present work, the electrical discharge can occur 
in the wide range of the applied voltage. It is most reasonably to generate electrical 
discharge with the shortest possible inter-electrode distance for which the breakdown 
voltage is low (Ubreakdown = 16,4 kV at dmin = 1.04 cm, σ = 1.5 mS/cm). 
The effect of the solution conductivity was found to crucially influence the 
electrical discharge inception. Since the discharge inception was not possible in 
distilled water, the discharge gap must be filled with a conductive solution for 
successful discharge generation. The increase of solution conductivity was found to 
facilitate electrical discharge inception (Ubreakdown = 12.3 kV at σ = 4 mS/cm, d = 1.04 
cm). The higher output energy was calculated for the electrical discharge generated in 
a solution with high conductivity. Thus, it was found that the electrical discharge 
generation in the solution with high conductivity results in a more efficient use of the 
input energy. 
The formation of H2O2 and OH
•
 by the electrical discharge in aqueous solution 
was detected. The increase in solution conductivity was found to facilitate the 
formation of the reactive species.  
The generation of the reproducible electrical discharge in aqueous solution 
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For the successful implementation of electrical discharges for water treatment, 
the optimization of the generated plasma is required. In the present chapter, plasma 
diagnostics is performed by means of optical methods – discharge imaging and 
emission spectrometry.  
The discharge imaging is used in order to study the spatial characteristics of 
plasma – the diameter of the active plasma zone, the propagation velocity, the 
streamer length and branching. The emission spectrometry is used in order to: (i) 
investigate the light emission caused by the discharge; (ii) estimate the chemical 
activity of underwater plasma phenomenon by measuring the emission spectra of 
reactive species; (iii) calculate the plasma parameters – plasma gas temperature and 
electron density. The effect of such experimental parameters as solution conductivity, 
applied electric field strength and gas bubbling on the above mentioned plasma 
characteristics is also investigated. 
The main aim at this step is the enhancement of the effects induced by the 
electrical discharges, which influence the degradation of organic compounds. Thus, 
the main objectives at this step are (i) the increase of the discharge light intensity; (ii) 
the increase of the formation rates of reactive species; (iii) increase of the electron 





3.1. Literature survey 
 
 
3.1.1. Electrical discharge propagation 
 
 
3.1.1.1. Streamer branching 
 
Visually, electrical discharge represents a luminous channel. Depending on the 
type of the discharge, this channel can be of various shapes. The partial discharge is 
always featured by a non-linear shape, which means that during its development, the 
discharge channel changes its direction and/or splits into many daughter channels. 
The latter phenomenon – streamer branching – is accompanied by the increase of the 
discharge light intensity and the formation of shock waves. The propagation front of 
the daughter filaments has a hemispherical shape.  
It is clear that the higher the branching degree, the bigger volume is occupied 
by plasma. Therefore, it is very important to understand and control the streamer 
branching for such applications as water treatment, where big plasma volumes are 
required. The fact that the branching phenomenon is random, complicates its 
description. The most widely discussed concept of the streamer branching was 
developed by Loeb and Meek (Loeb et al, 1941). According to this theory, secondary 
electron avalanches are randomly formed ahead the streamer head and propagate in 
different directions. However, the numerical simulations of the branching process 
performed in the recent years suggested another mechanism of the branching 
(Meulenbroek et al, 2004, Arrayas et al, 2002). According to these studies, the 
branching is caused by the surface instability of the streamer. Babaeva et al, 2008 
investigated the branching in liquids and explained the phenomenon by the presence 
of randomly distributed regions of low density in the liquid (inhomogeneities, e.g. 
bubbles). 
A number of experimental parameters (applied electric field strength, solution 
conductivity, polarity of the applied electric pulse) influence the degree of branching 
(Clements et al, 1987, An et al, 2007, Korobeinikov et al, 2002, Gavrilov et al, 1994). 
In general, the following regularities were observed: (i) the degree of streamer 
branching is higher for higher solution conductivities; (ii) at positive polarity of the 
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electric pulses, the streamers are less branched (―filamentary discharge‖) than at 
negative polarity where the streamers have more branched structure (―bush-like 
discharge‖); (iii) at long electrode gaps, the formation of a leader has higher 
probability rather than the streamer branching.   
 
3.1.1.2. Streamer length 
 
Another spatial parameter that defines the discharge shape is the streamer 
length. The streamer propagation length directly depends on how far the ionization 
front can develop. The higher rate of ionization front will lead to the formation of the 
longer streamers. The length of a single streamer of a highly branched discharge is 
shorter than in a non-branched discharge. Polarity effect on the streamer length 
originates from the fact that a positive streamer propagates against the direction of the 
electron drift, whereas the propagation of a negative streamer occurs in the same 
direction with the electron drift. Thus, it was found that the negative streamers are 
shorter than positive ones (Clements et al, 1987). Solution conductivity was shown to 
make a crucial influence on the electrical pulse shape and, therefore, on the streamer 
length as well. The lower the solution conductivity, the longer is the duration of 
electric pulse, therefore, the streamer propagation takes the longer time. In general, 
the longer streamer formation in solutions with low conductivity takes place (Lee et 
al, 2010, Ceccato et al, 2010). The applied electric field (Bruggeman et al, 2007) also 
influences the streamer length: at higher applied voltages longer streamers are formed. 
It is due to the higher amount of input power and, therefore, the higher amount of the 
power supplied to sustain the streamers.   
 
3.1.1.3. Propagation velocity 
 
Electrical discharges propagate very rapidly, although the streamer 
propagation velocity in the case of liquid discharges is much slower than for the 
gaseous discharges due to the different discharge mechanisms. Since the propagation 
velocity directly depends on the discharge mechanism, the discharges formed through 
the direct ionization of liquid would be of much higher velocity than the discharges 
formed through the formation of gaseous cavity. Starikovsiy et al, 2011 and Marinov 
et al, 2011 investigated direct liquid discharges using voltage pulses with the rise time 
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of the order of a few ns. The obtained propagation velocities reached 5000 km/s 
which is comparable to the gas phase discharges (Winands et al, 2008). The discharge 
formed using the electric pulses with longer rise time were reported to result in much 
slower streamer propagation: 120-140 km/s. Thus, for the electric pulses with rise 
time of up to a few μs the propagation velocities were found to be in the range of 0.5 
km/s - 120 km/s (Lee et al, 2010, An et al, 2007, Nieto-Salazar et al, 2005). The 
higher the magnitude of the applied electric field, the higher is the streamer 
propagation velocity. Some authors found that the propagation velocity is constant in 
the electrode gap and increases as the streamer comes closer to the opposite electrode 
(Winands et al, 2008). However, in general way (Ceccato et al, 2010) the propagation 
velocity alters exponentially across the gap, slowing down in the proximity of the 
opposite electrode for the homogeneous electric fields. Positive polarity of the applied 
electric pulses was found to facilitate the streamer propagation. Thus, the positive 
streamers propagate faster than the negative ones (Lee et al, 2010) and this difference 
can reach one order of magnitude. The influence of solution conductivity on the 
streamer propagation velocity in liquid was investigated by many authors. Most of 
authors observed no influence of solution conductivity on the propagation velocity 
(Lee et al, 2010, Ceccato et al, 2010). On the one hand, the higher solution 
conductivity facilitates the process of water heating and vaporization when applying 
HV pulses, thus speeding up the process of bubble formation and simplifying the 
breakdown. On the other hand, at high solution conductivity, too many charges can be 
accumulated on the bubble/liquid interface, which will act as a screen. The input 
power may not be sufficient to sustain the discharge and the discharge propagation 
may be slowed down or stopped in the highly conductive solutions.  
 
 
3.1.2. Radiative processes induced by underwater electrical discharges 
 
3.1.2.1. Discharge continuum  
 
The formation of electrical discharge in water is accompanied by a number of 
physical effects. One of the most important effects is a strong light emission whose 
qualitative and quantitative investigation brings the information about the discharge 
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phenomenon. The discharge light measurements are usually performed using emission 
spectroscopy. Emission intensity is used as an objective parameter to evaluate the 
influence of experimental parameters on the discharge occurrence. 
Typically, the emission spectrum of underwater discharge represents a 
combination of a broadband spectrum - continuum radiation - and the strong atomic 
line emissions due to the presence of excited atoms in the plasma discharge zone. In 
underwater plasma discharges, a large part of the input energy is spent on the 
formation of a high-temperature plasma channel. The discharge channels function as a 
source of a blackbody radiation. The emission spectra of underwater discharges 
originate from Joule heating of the discharge channel. Thus, the detection of a 
continuum indicates that the thermal processes, which are dependent on temperature 
of the emitter, take place.  
A blackbody emits photons whose energy distribution obeys the Planck’s 
distribution function. The law that describes the distribution of the blackbody photons 
was developed by Planck in the year 1900 and is expressed as: 
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where ε is the spectral radiance, c is the speed of light, h is the Plank’s constant, k is 
the Bolzmann’s constant, T is the temperature, λ is the wavelength, ν is the frequency. 
These equations correlate with the experimental results and were obtained by Planck. 
The equation consists of two parts:       
      
  
 is the Rayleigh-Jeans limit (for hν « 
kT; Iν,T is the intensity) and       
    
  
 
   
  ⁄  is the Wien’s limit (for hν ≫ kT). 
Figure 29 shows several curves describing the Plank’s law. The shift of the maximum 
to the region of the short wavelengths is clearly observed with increase of the 
temperature. This fact is essentially the Wien’s displacement law that could be 
expressed as: 
 




where λmax is the wavelength of the maximal intensity and T is the temperature of the 
blackbody. This law could be used for the determination of the blackbody 
temperature. 
Some authors (Vanraes et al, 2012, Sun et al, 1998) reported on the continuum 
formation caused by underwater electrical discharge, whereas most of the studies 
report on the line spectrum dominated by H, O, OH emission lines. Since the 
discharge continuum has a thermal nature, its formation is attributed to the formation 
of a thermal plasma, whereas the line spectrum is attributed to the formation of a non-
thermal plasma. The significance of the continuum formation consists in the fact that 
it is the evidence of the intense light emission caused by the discharge. All the 
reported discharge continua occurred in the region of 200 – 900 nm, thus, covering 
the entire optical region of the electromagnetic radiation. The maximal intensity of the 
light emission lies in the visible region which is important for the degradation of the 
compounds that undergo solar decomposition. Considerable part of the spectrum lies 
in the UV region (˂ 400 nm). The light emitted in the near and middle UV can be 
utilized for water disinfection or direct photolysis of organic compounds. The vacuum 
UV (70 – 190 nm) is responsible for the water photolysis and, therefore, plays the 
crucial role in the formation of hydroxyl radicals. Lukes et al, 2008 have performed 
quantitative analysis of the UV light emitted by the electrical discharge in aqueous 
solution using the method of actinometry. The authors reported on up to 28% of the 
input energy converted to the UV light by underwater electrical discharge. 
    
 
 
Figure 29. Dependence of spectral radiance on the wavelength at different temperatures. The simulated 





3.1.2.2. Line spectrum of primary species  
 
The plasma-chemical reactions that take place on the border of plasma/liquid 
interface have been investigated by many research groups and significant 
achievements have been done. However, the complexity of the phenomenon does not 
allow to create an adequate theory that could describe all the involved processes.     
According to the bubble theory of the liquid discharges, electrical discharge 
initiation starts from the breakdown of the water bubble (H2Ovapor) formed due to 





 which is evidenced by the presence of strong atomic lines in 
the discharge continuum (Vanraes et al, 2012, Sun et al, 1988). The great variety of 
the possible pathways of the H2Ovapor breakdown suggests that the list of species 
formed directly by the electron collisions with water molecules is not limited only by 
these two radicals. Dolan et al, 1992 reported on a number of possible reactions of 
water molecules in vapor with electrons (table 4): 
 
Table 4. Possible routes of interactions of water molecules being in vapor with electrons 
(Dolan et al, 1992) 
 
Nr Reaction Products  
1 H2O + e
-





2 H2O + e
-
    → OH+ + H• + 2e-   
3 H2O + e
-
    → O+ + 2H• + 2e-  
4 H2O + e
-
   → O+ + H2 + 2e
-
  
5 H2O + e
-
    → H+ + OH• + 2e-  
6 H2O + e
-
    → H+ + O• + H• + 2e-  
7 H2O + e
-







8 H2O + e
-
    → OH- + H+ + e-  
9 H2O + e
-
    → O- + H• + H+ + e-  
10 H2O + e
-





11 H2O + e
-
    → OH+ + H- + e-  
12 H2O + e
-
    → H- + O+ + H• + e-  
13 H2O + e
-
    → H- + O• + H+ + e-  
14 H2O + e
-
    → OH• + H• + e-  
15 H2O + e
-
    → O• + 2H• + e-  
16 H2O + e
-
    → O• + H2 + e
-
  




Although all the reactions may take place in the plasma discharge zone, the 
authors showed that the reactions 14 and 15 have the highest probabilities.  
Apart from the immediate formation of the reactive radicals during the 
H2Ovapor breakdown, various physical effects are also induced. These effects may lead 
to the following water dissociation either by water thermolysis or by water photolysis. 
Additionally, the electron impact ionization of the water molecules in liquid state may 
take place. Studies on the plasma temperature determination usually report on the 
temperature values of up to 8000 K (Vanraes et al, 2012) for the liquid discharges. 
Thus, the discharge channels act as a source of a strong thermal radiation. Exposed to 
such high temperatures, water molecules may undergo thermal decomposition 
(equation 20). The most efficient formation of OH radicals occurs at T = 3500 K:   
 
                                          3500 K 




                                   (20) 
 
At lower temperatures the efficiency of the water photolysis significantly 
decreases; at higher temperatures, the further splitting takes place to form various 
atomic species. Although, it should be noted that the volume that undergoes the 
thermal decomposition during electrical discharge is very small and is determined by 
the dimensions of the discharge channel. Thus, in the case of the thermal effects only 
the plasma discharge zone is affected, therefore the role of water thermolysis in the 
water splitting is relatively small. Moreover, the localized regions of high temperature 
are generated for a very short period of time, determined by the electrical pulse 
duration.  
As well as in the case of the thermal effects, the electron impact ionization is 
characterized by a small reaction volume: 
 
                                   H2Oaq + e
- 
 → OH• + H• + e-                                        (21) 
 









Farhataziz et al, 1987), the equation 21 takes place on the border of plasma/liquid 
interface. The formed radicals have a very small probability to diffuse into the bulk 
solution as they more probably react with the surrounding water molecules. 
Unlike in water thermolysis and electron impact ionization, water photolysis is 
characterized by a higher probability. The UV light generated by the electrical 
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discharge is spread across the whole volume of the electrode gap which enables the 
photo-excitation of water molecules present in the bulk solution according to: 
                             H2O + hν → H2O
*
 → OH• + H•                                    (22) 
 
The highest quantum yield of this reaction occurs in the range of 120 – 170 nm 
(Atkinson et al, 2004), therefore, only the vacuum UV light plays significant role in 
this process.   
The time scale of the events initiated by the absorption of energy by water is 





Figure 30. Radiolysis of water (Farnhataziz et al, 1987) 
 
 
Initially, a water molecule is ionized or excited to upper electronic state by an 







). The excitation event takes place on the time scale of an 
electronic transition. The physicochemical processes described above are complete by 
about 10
-12 
s after the ionization event. After this time, any radical and molecular 
species are in thermal equilibrium with the bulk medium. Next, the products start 





As shown above, plasma under water can be a very efficient ionization source. 







. In the case of saturation of solution with gases (Nikiforov et al, 2011, Sarani et 
al, 2010), less input power is required for the discharge inception as there is no need 
to form the water bubbles. Thus, in terms of its commercial application, the advantage 
of underwater electrical discharges with saturation of the liquid with gases is the 
absence of dissipation of input power on ohmic heating and, thus, simplification of 
the discharge generation. Additionally, the introduction of the gases into the reactive 
plasma zone may lead to the formation of other reactive species by exciting the 
molecules of the introduced gases. These reactive species may directly react with 
organic compounds leading to their degradation or significantly influence the reaction 
rate of water splitting, thus, increasing the formation rates of OH
•
. Usually, argon, 
nitrogen and helium are used for these purposes. Nikiforov et al, 2011 proposed that 
Ar and He metastables formed during the discharge may cause dissociative excitation 
of water vapor: 
 




 → OH(A) + H+ Ar or He                                (23) 
 
Ar, He and N2 are characterized by the very high chemical stability, thus, 
introducing these gases, the addition of chemically active substances is avoided, 
which is in agreement with the ultimate aim of the chemical-free method of water 
treatment developed in the present study. Finally, both Ar (in the less extent) and N2 
(~78%) are present in the environment and, therefore, can be easily supplied from the 
air. 
3.1.3. Plasma parameters 
 
The formation of plasma occurs through the intense and rapid ionization, 
which produces a large number of free electrons and positive ions. All plasma 
components – ions, neutrals, electrons - are characterized by the energy distribution 
functions. Plasma gas temperature refers to the average energy of all plasma 
components apart from the electrons. Since in the NTP electrons have much higher 
energy than other species, the gas temperature of NTP does not exceed a few 
thousand degrees, whereas the electron temperature may reach 10
8
 K.  
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Electron density - the number density of electrons in plasma - determines the 
intensity of electron and ion collisions providing a transfer of electrical energy to 
plasma. Provided that the plasma is quasi-neutral, the number density of electrons in a 
plasma is approximately equal to the number density of ions. Since the rate of the 
plasma-chemical reactions directly depends on the amount of the involved charged 
species, electron density determines the yield of the plasma-chemical reactions.  
The plasma parameters, thus, determine the applicability of plasma for water 
treatment. The determination of plasma parameters is required for the effective 
optimization of the plasma source. The parameters of underwater plasma are the 
object of study of many research groups (Vanraes et al, 2008, Bruggeman et al, 2009, 
Nikiforov et al, 2011, Sarani et al, 2010). The generation of plasma with too high gas 
temperature must be avoided, since it leads to the destruction of reactor walls. Thus, 
at high gas temperatures, the input energy is wasted to the undesirable heating of the 
environment instead of being directed to the formation of chemically active species. 
At the same time, it is preferable to increase the electron density in order to increase 
the chemical activity of plasma. Thus, the optimization of a plasma source is very 
important and is necessary in order to produce a controllable, reproducible, high 
density and low-temperature plasma.  
Characterization of plasma created by underwater electrical discharges is 
complicated due to: (i) small plasma volume; (ii) the electrical discharge is not 
reproducible, i.e. the spatial characteristics of the discharge vary from pulse to pulse; 
(iii) the liquid discharges are characterized by the much higher values of electron 
density compared to gas discharges.  
Plasma parameters are unique characteristics of a plasma type. The plasma 
behavior depends on its temperature and electron density. Various examples of 
plasmas generated in laboratories, in industry and by the nature are placed on the 
density – gas temperature plane in figure 31. As it is shown in the figure, the plasmas 
are characterized by a great variety of the electron density values (ΔNe > 25 orders of 





Figure 31. Density – gas temperature plane. The figure represents some examples of 


























3.2.1.1. Reactor modification for spectroscopic measurements 
 
For all experiments in the present chapter, the plasma reactor described in 
Chapter 2 was used (figure 32). WAC500 was used as a coating material for all 
measurements in the present chapter. The generation of multiple electrical discharges 
per one electric pulse complicates the description because of the possible overlapping 
of the discharge channels. Therefore, the electrode coating with only one pinhole 
positioned at the center of the round electrode was used for the plasma diagnostics. 
The Teflon
®
 holder of the HV electrode was removed in order to provide the 
observation of the starting point of the discharge. The metal edges of the HV 
electrode were isolated with isolation tape. The distance between the plasma reactor 
wall and the fiber collimating optics was 5 cm. All optical measurements (imaging, 
ICCD (Intensified Charge Coupled Device) imaging and spectroscopic 
measurements) were performed in the dark. In order to provide the cooling, all 




Figure 32. Placement of the optical equipment relating to the plasma reactor (the plasma reactor is 
described in Chapter 2.2.1) 
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           3.2.1.2. Optical equipment 
 
The block scheme of the experimental setup used for the plasma diagnostics is 
shown in figure 33. 
 
 
Figure 33. Block scheme of experimental setup 
 
An iStar ICCD camera (DH734-18U-03, Andor, USA) was used to record 
ICCD images of the electric discharges. The active pixel size is 1024 x 1024 with the 
effective area of 13 x 13 μm. The camera has an ultimate temporal resolution of 1.2 ns 
(a minimal camera gate width) and a spectral response of 120 – 1090 nm. A quartz 
lens was used to focus the discharge gap to the photocathode.  For the time-resolved 
ICCD imaging, a multichannel plate (MCP, the diameter of 18 mm) gain of 100, CCD 
exposure time of 0.2 s, gate pulse width of 10 ns were used. The camera was triggered 
by a pulse generator (TGP 110 10MHz, Thurbly Thander Instruments, UK) connected 
to the plasma generator. Additionally to the ICCD imaging, the side-view discharge 
photographs were recorded with a digital camera Canon EOS 400D. 
For spectroscopic measurements, the ICCD camera was connected to a 
Shamrock spectrometer (SR-303i, Andor, USA). The spectrometer has a spatial and 
temporal resolution of 0.1 nm and 1.2 ns, respectively. The dimensions of the optic 
fiber of the spectrometer are 1 m x 85 μm x 1.9 mm (length x width x hight). The 
discharge spectra were recorded in accumulating mode (1000 accumulations) with the 
MCP gain of 100 and the exposure time of 0.02 s. The grating of 300 lines/mm was 
used to record the full spectra (200 – 900 mn) and the grating of  1200 lines/mm was 
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used to record the line profiles, where the high spectral resolution was required (e.g. 
for the determination of FWHM). The camera gate width and delay time varied 
depending on a single experiment, therefore, their values are indicated in the 
description of each measurement in the Results and Discussions subchapter. 
The instrumental response function of the spectroscopic diagnostic system was 
determined independently using the scattered light from a HeNe laser. The line 
profiles at 632.8 nm with different entrance slits are shown in figure 34. The FWHM 
of the profiles were found by fitting the experimental profiles with a Gaussian 
function. The optimal resolution of 0.32 nm was obtained at a slit width of 10 μm. 
This value exceeds by ~3 times the quoted 0.1 nm resolution of the spectrometer. 
Thus, the main source of the instrumental broadening is the settings of the optical 
devices. As long as the spectral resolution at a 50 μm slit is 0.33 nm and at a 10 μm 
slit it is 0.32, the use of the 50 μm slit did not much deteriorate the spectral resolution. 















3.2.2. Determination of plasma parameters 
 
3.2.2.1. Gas temperature measurements 
 
The most usual way to determine plasma gas temperature is based on the 
investigation of line broadening. The thermal broadening of a spectral line is 
described by the Doppler effect (for Hα emission line): 
 
                                         
      √ ,                                          (24) 
 
where Δλ1/2 D is the full width at half maximum of the Hα line (nm); λ0 is the Hα 
wavelength (nm); T is the plasma gas temperature (K). However, it appeared to be 
impossible to determine the plasma gas temperature in this way due to a large 
contribution of the Stark broadening in the experimental line profile caused by the 
high value of the electron density. Thus, the contribution of the Doppler effect in the 
Hα line broadening was neglected. 
The use of the continuum radiation for the determination of the plasma gas 
temperature offers a number of advantages. For plasmas of high density, the 
continuum is optically thinner than the lines and its use, therefore, reduces systematic 
errors when self-absorption for lines becomes important. 
Figure 29 shows the blackbody spectra for different plasma temperatures. As 
the temperature rises, the maximum is shifted to the region of short wavelengths 
according to the Wien’s law, which consists in the linear dependency of the peak 
frequency from the temperature. Thus, the blackbody temperature of the plasma 
generated in the present study was found according to: 
 
 
                                                                                                      (25) 
                                         or 
                                         
  
        
⁄ ,                                                (26) 
 
where νmax and λmax are, respectively, the frequency (1/s) and wavelength (cm) at 
which the blackbody continuum reaches maximum; Tbb is the blackbody temperature 
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(K); k is the Boltzmann’s constant; h is the Plank’s constant.  Although the real bodies 
emit less light than the blackbody at the same temperature, if the blackbody 
temperature is known, one can calculate a real temperature of a body. The corrected 
plasma gas temperature was found according to: 
 
                                             
    
      
   ⁄
,                                              (27) 
 
where T is the real thermodynamic temperature (K); Tbb is the blackbody temperature 
(K), αλ,T is the emissivity coefficient (for a  blackbody is equal to 1, for the real bodies 
is < 1). 
 
3.2.2.2. Electron density measurements 
 
For the electron density determination, the Stark component of the line 
broadening was used. The Stark effect is caused by the influence of the electric field 
of the neighboring particles.  
The plasma diagnostics is usually performed using H-Balmer lines. Hα has the 
highest intensity, but self-absorption of Hα line may lead to the overestimation of 
electron density. Therefore, Hβ and Hγ emission lines are better candidates for more 
accurate plasma density and temperature measurements. However, in the present 
study the Hα emission line was used due to the low intensity of Hβ and Hγ lines, which 
did allow their use for the electron density determination. 
The electron density was calculated according to: 
 
                                         
   (
     




,                                         (28) 
 
where Ne is the electron density (cm
-3
), Δλ1/2 is the full width at half maximum of the 
pure Stark component (Å) and α1/2 is the fractional width from the line center (Å/cgs 
field strength units). The non-SI units of are taken from Griem et al, 1974, where α1/2 
values are tabulated.  
The values of Δλ1/2 were found by subtraction of the background continuum 
and fitting the experimental Hα profile with a Voigt function. The deconvolution of 
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the fitted Voigt profile (equation 31) into the Lorentzian (Stark effect; equation 29) 
and Gaussian (instrumental function and Doppler effect; equation 30) components 
revealed the negligible effect of the latter one. Thus, in the present study, the Stark 
effect was shown to be the dominant mechanism of the Hα line broadening. 
 
                                              
  
 
           
                                          (29) 
                                           ( 
           
 
  
 )                                  (30) 
                                     ∫                
 
  
,                                   (31) 
 
where Lmax and Gmax are, respectively, Lorentzian and Gaussian peaks; WL amd WG 
are, respectively, Lorentzian and Gaussian FWHM (Δλ1/2). 
 
3.2.3. Solution saturation with Ar and N2 
 
For the investigation of the effect of the dissolved gases on plasma 
characteristics, the aqueous solution was saturated with Ar and N2.  The gases were 
introduced into the flask filled with a solution at a pressure of 4 bar though a Teflon
®
 
tube (diameter of 8 mm) with a porous filter (the filter diameter is 10 mm, the pore 
diameter is 100 – 160 μm and the filter thickness is 2 mm). The gases were bubbled 
into the solution during 20 min prior to the electrical discharge generation. The 
solution circulation was used (as described in Chapter 2.2.) in order to transport the 













3.3. Results and discussions 
 
3.3.1. Imaging diagnostic of electrical discharge 
 
3.3.1.1. Discharge imaging 
One of the most useful and obvious ways to trace the discharge behavior is to 
photograph it. The measurements of the discharge plasma with space resolution allow 
the determination of such parameters as the number of streamers, their length and 
branching, the volume of the active plasma zone. The investigation of the discharge 
properties by the imaging of the electrical discharges generated directly in liquids was 
performed by many authors (Ceccato et al, 2010, An et al, 2007).In order to trace the 
complete discharge path, long camera gates width should be used. In order to avoid 
the overlapping of multiple streamers, only one streamer per electric pulse was 
generated. For this, the ceramic coating (WAC500) with only one pinhole positioned 
at the center of the round electrode was used. The typical shape of the electrical 
discharge generated in a low-conductive solution (0.1 mS/cm) is shown in figure 35 
with the counter electrode located on the right side. The image was recorded with a 
camera gate width of 1 s (F = 1 Hz, U = 25 kV, d = 1.4 cm), thus, the presented 
discharge image is time-integrated. The electrical discharge represents a filamentary 
streamer starting at the position of the pinhole on the HV-electrode. This discharge 
corresponds to the low-current discharge pulse. The discharge channel is split into 
three channels propagating towards the opposite electrode. As it could be seen from 
the figure, the partial discharge does not reach the opposite electrode. The average 
length of the longest visual streamer for σ = 0.1 mS/cm is (6 ± 2) mm (the average 
value is obtained by the analysis of 10 images). From this figure, one can clearly see 
the crisp plasma channels of white color surrounded by the diffuse magenta color, 
which originates from the emission of the excited hydrogen atoms. 
Since the solution conductivity has a strong influence on the electric pulse 
characteristics, it would significantly influence the shape of the electrical discharge. 
The image of electrical discharge generated in solution of 1 mS/cm is shown in figure 
36. The discharge structure significantly differs from the structure of the discharge 
generated in solution of 10 times lower conductivity (figure 35). The tips of the 





Figure 35. Image of the electrical discharge for σ = 0.1 mS/cm (U = 30 kV, d = 1.4 cm, camera gate 
width is 1 s). The image size is 11 x 11 mm 
 
hemisphere (since the discharge is a 3D object) with a radius of (3 ± 1) mm (the 
average value is obtained by the analysis of 10 images). Since the streamer tips are the 
most active parts responsible for the propagation of the whole discharge, one can 
assume that the discharge propagation front in the conductive solutions has a 
hemispherical shape.  
 
 
Figure 36. Image of the electrical discharge for σ = 1 mS/cm (U = 30 kV, d = 1.4 cm, camera gate 
width is 1 s). The image size is 8 x 8 mm 
 
The effect of the solution conductivity on the discharge shape was investigated 
in a wide range of solution conductivities. The images of the electrical discharge 
generated in solutions of 0.1 – 10 mS/cm are shown in figure 37. It is clearly seen that 
the discharges generated in solution of high conductivity have more diffuse structure 
then the ones generated in low conductive solutions. As the solution conductivity 
increases, the discharge channels become more branched. It is explained by the fact 
that the higher current flows in solution of high conductivity, thus, supporting many 
daughter discharge filaments. The bush-like structure (i.e. high branching degree) of 
the discharge is observed for higher solution conductivity, whereas the tree-like 
structure (i.e. poor branching) occurs at low solution conductivity. Less daughter 
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filaments are formed and the discharge is composed mostly by from one to three main 
discharge channels propagating towards the opposite electrode.  
 
 
Figure 37. Effect of the solution conductivity on the discharge shape (U = 30 kV, d = 1.4 cm, camera 
gate width is 1 s). The size of each image is 10 x 16 mm 
 
Solution conductivity also influences the streamer length. Streamers generated 
in low conductive solution are longer than the discharge radius of the bush-like 
discharge at high solution conductivity. It is explained by the faster current dissipation 
in the surrounding solution (Shih et al, 2011) when the ion concentration in solution is 
high. Additionally, the thickness and the brightness of the streamers increase with 
increase of solution conductivity. From the figure 37, it could be seen that the 
electrical discharge generation is accompanied by the formation of numerous micro-
bubbles. This effect is more visible for high solution conductivities, where the more 
effective water vaporization takes place due to the higher current flow.  
All electrical discharges discussed above are attributed to the partial 
discharges. When the electric field reaches a certain value, the full breakdown over 
the discharge gap may occur. The formation of the high current flow which connects 
both electrodes – spark discharge – is shown in figure 38. The image was recorded 
with the camera gate width of 1 s, applied voltage of 30 kV, electrode gap of 1.4 cm 
and solution conductivity of 0.1 μS/cm (distilled water). The discharge channel of the 
spark is much thicker than the partial streamer discharge due to the much higher 
current flow in the electric circuit. The negative influence of spark discharges consists 
in the intense heating of the surrounding media, destruction of the electrode coating 
and the reactor walls. It originates from the fact that the plasma in sparks is tending to 
be thermal. Therefore, the formation of spark discharges must be avoided by applying 
lower voltage amplitude, increasing the electrode gaps and/or using higher solution 





Figure 38. Image of a spark discharge (σ = 0.1 μS/cm, U = 30 kV, d = 1.4 cm, camera gate width is 1 
s). The image size is 13.5 x 16 mm 
 
 
3.3.1.2. ICCD imaging 
As it was shown above by the discharge imaging, the shape of the electrical 
discharges varied from pulse to pulse. The discharge photography enables to obtain 
the spatial characteristics of electrical discharge, however, this method has limitations 
in terms of its application for determination of the time-resolved characteristics. A 
single shot per electric pulse is not enough to trace the temporal development of the 
discharge parameters. For the analysis of time-resolved discharge parameters, a very 
short camera gate width and, as a consequence, accumulation of the optical signal are 
required.  
Figure 39 shows the time-resolved images of an electrical discharge with a 
counter electrode located on the right. The number of the accumulated shots was 
defined as a compromise between the necessity to obtain the reproducible optical 
signal of a considerably high intensity and to use the shortest possible camera gate 
width. Thus, the ICCD images presented in figure 39 were obtained by accumulating 
1000 single-shots with a camera gate width of 10 ns for the discharge generated in 
solution of 2 mS/cm, 30 kV. The brightness scale for all images is the same. The 
sequence of images shows that the light emission is initially observed at the HV anode 
and becomes brighter during the first 50 ns. As it could be seen, the electrical 
discharge elongates towards the opposite electrode. The active plasma zone expands 
with time and reaches its maximum at (50 ± 10) ns after the discharge inception, 
which is followed by the discharge attenuation during the following 500 ns. The 
plasma temperature is not constant inside the discharge channel as its maximal value 
occurs in the middle of the active plasma volume, which occupies a few mm. The 
discharge light intensity and, consequently, the plasma temperature decrease moving 
from the discharge center towards the opposite electrode. It should be noted that the 






Figure 39. Time-resolved ICCD camera images of an underwater electrical discharge. Solution 
conductivity is 2 mS/cm, voltage pulse amplitude is 30 kV, electrode gap is 1.4 cm, camera gate width 
is 10 ns. HV electrode is located on the left side and grounded electrode is on the right side. The size of 





Figure 40. Time-resolved profiles of the discharge light collected in the range of 120 – 1090 nm (σ = 2 
mS/cm, U = 30 kV, d = 1.4 cm, camera gate width is 10 ns), left image. An ICCD image (at 50 ns) and 
the corresponding discharge light profile, right image 
 
In order to analyze the spatial discharge parameters, the full vertical binning 
operation was used. The integral emission profiles of the discharge light plotted 
94 
 
against the distance are shown in figure 40. The 0 mm on the X-axis was taken as the 
location of the maximal intensity of the discharge light. The length of the active 
plasma zone was determined as the distance at which the emission intensity of the 
light profile at 50 ns (maximal discharge intensity) decreases by 90% and estimated to 
be of (1.7 ± 0.5) mm. The discharge propagation velocity is approximately constant, 
as the emitting diameter expands linearly with time, and is estimated to be of (30 ± 
10) km/s. These values are in agreement with previously reported values of the 
emitting diameter and propagation velocity for liquid phase discharges (Akiyama et 
al, 2000, An et al, 2007, Nieto-Salazar et al, 2005).  
 
 
3.3.2. Discharge continuum 
 
3.3.2.1. General view 
A typical emission spectrum of underwater electrical discharge obtained in the 
present study is shown in figure 41. It represents a continuous spectrum with some 
atomic lines merged into it (OH line at 309 nm and Hα line at 656 nm). The spectrum 
occupies the entire optical range of the electromagnetic radiation. No line spectrum 
which could be attributed to the formation of plasma in non-thermal conditions was 
observed in the present study under any conditions. Thus, the continuous spectrum 
obtained in this study evidences the formation of plasma in thermal conditions. 
Since the amount of light emitted by the discharge directly influences the 
discharge applicability for organics removal, it is very important to investigate the 
influence of different experimental parameters on the total light intensity. For this, the 
integral discharge light intensity was used as an evaluating parameter. In this chapter, 
the effect of the solution conductivity and the applied electric field on the integral 
discharge light intensity is discussed. Additionally, the temporal evolution of the 





Figure 41. Continuous spectrum of underwater electrical discharge 
 
3.3.2.2.  Effect of the solution conductivity 
The effect of the solution conductivity on the discharge intensity is shown in 
figure 42. The discharge continua were recorded with a camera gate width equal to 
the continuum duration, i.e. 500 ns and 1400 ns for solution conductivities of 2 
mS/cm and 0.5 mS/cm, respectively (the determination of the duration of discharge 





Figure 42. Effect of the solution conductivity on the discharge intensity (U = 30 kV, d = 1.4 cm, 
camera gate width is equal to the continuum duration): (a) – comparison of the discharge continua for 2 
and 0.5 mS/cm; (b) – normalized integral intensity as a function of solution conductivity 
 
 
The shape of the spectrum is affected by the solution conductivity (figure 
42(a)) as the weaker continuum intensity is observed at low conductivity. The line 
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emissions become more distinct at lower solution conductivity, where the discharge 
continuum is less intense.  
The total discharge light intensity was calculated by integrating the continuum 
(from 200 to 900 nm) and plotted in figure 42(b) for different values of solution 
conductivity. The highest integral intensity obtained in this experiment (for σ = 2 
mS/cm) was taken as 1. The discharge light intensity increases with increase of 
solution conductivity. Thus, the discharges generated in solution of 2 mS/cm are 
characterized by ~2.5 higher light intensity than the discharge generated in solution of 
0.1 mS/cm. It is explained by the higher discharge current flow in solution with higher 
conductivity, where more charged species are available. This tendency is non-linear 
as the faster increase of the discharge continuum intensity is observed for the high 
values of solution conductivity. In the measured range of σ values, the experimentally 
obtained data were fitted with function I = 0.32+0.02·exp((σ+0.85)/0.78), where I is 
the normalized intensity and σ is solution conductivity (mS/cm). However, it is hardly 
possible to predict the shape of the dependency for the lower σ values (< 0.25 mS/cm) 
as no electrical discharge took place in the low conductive solutions and, therefore, no 
light emission could be detected (Chapter 2.3.2.3). The non-linear shape of the 
dependency could be explained by the fact that solution properties (Cs and Rs, figure 
9) make different effect on the total capacity and resistivity of the system depending 
on solution conductivity.  
 
3.3.2.3. Effect of the electric field strength 
The effect of the average electric field strength (AEFS) on the discharge 
continuum is shown in figure 43 for solution conductivity of 2 mS/cm and a camera 
gate width of 500 ns.  
The increase of the AEFS has no influence on the shape of the discharge 
continuum, but only affects the continuum intensity. The values of the integrated 
continuum intensity are plotted against the AEFS values in figure 43(b). The increase 
of the continuum intensity by ~3 times is observed when the AEFS is increased from 
its minimal value (9.26 kV/cm) to the maximal value (28.84 kV/cm). The observed 
effect is explained by the higher discharge energy in the case of the pulse energy. The 
experimentally obtained data were fitted with function I =-0.048+0.036·x, where I is 





Figure 43. Effect of the averaged electric field strength on the discharge intensity (σ = 2 mS/cm, 
camera gate width is 500 ns): (a) - comparison of the discharge continua for 28.84 kV/cm and 9.26 
kV/cm; (b) – normalized integral intensity as a function of averaged electric field strength 
 
the effect of solution conductivity, the effect of the AEFS on the discharge continuum 
is constant in the tested range of AEFS values. Although the experimentally obtained 
values of intensity were fitted with a straight line, the behavior of this dependency 
near lower and higher AEFS values is different. As it was shown in Chapter 2.3.2.2, at 
AEFS < 9 kV/cm no electrical discharge takes place, therefore, the discharge light 
intensity is tending to be zero. At AEFS > 29 kV/cm, transition to spark discharge 
takes place, which significantly increases the light intensity. Thus, the extrapolation of 
the fitted straight line to the lower or higher AEFS values does not reflect the real 
shape of the dependency out of the tested range of AEFS.   
 
3.3.2.4. Temporal evolution of discharge continuum 
The shape and intensity of the discharge continuum change in time. In order to 
trace it, the time-resolved emission spectroscopy was employed. Figure 44 represents 
the time-resolved discharge continuum (σ = 2 mS/cm, U = 30 kV, d = 1.54 cm). The 
camera gate width was chosen as a compromise between the necessity to record the 
spectra of considerably high intensity and, at the same time, the necessity to have the 
highest possible temporal resolution. Thus, the measured continuous spectra were 
recorded with a camera gate width of 10 ns and a step of 50 ns (for the time range of 0 
– 50 ns, the step was 10 ns).  
The time moment of the first light emission was taken as 0 ns. Intensity of the 
discharge continuum reaches its maximum within the first 50 ns. The following 
continuum attenuation with time takes a few hundred ns. The discharge continuum 
duration was determined as the time during which the integral intensity decreases to 
10% of its maximal value (at 50 ns) and was found to be of 500 ns (for σ = 2 mS/cm). 
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The discharge continuum duration (i.e. discharge duration) was found to be 
dependent on the solution conductivity. It increases with decrease of solution 
conductivity. Thus, the light emission from the electrical discharge generated in 
solution of 2 mS/cm lasts 500 ns and in solution of 0.5 m/cm the discharge duration is 
1400 ns. It is explained by the longer electric pulse duration for lower solution 
conductivities discussed in Chapter 2.3.2.3.  
 
 
Figure 44. Time-resolved discharge continuum  (U = 30 kV, σ = 2 mS/cm, d = 1.54 cm, camera gate 
width is 10 ns) 
  
 
The temporal evolution of the integral discharge light intensity is compared 
with the corresponding voltage and current waveforms in figure 45 for σ = 2 mS/cm. 
The evolution of the discharge light (red) was obtained by collecting the total light in 
the range of 200 – 900 nm during 10 ns with the step of 50 ns. The light profile is 
narrower than the corresponding voltage pulse, but, in general way, it follows the 
shape of the voltage pulse. The moment of the first light emission lies on the rising 
slope of the voltage waveform and corresponds to the rapid increase of the discharge 
current. It is followed by the rapid increase of the discharge light intensity alongside 
with the further increase of voltage and current. The maximal discharge light emission 
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(50 ± 10 ns) coincides with the current maximum. At this point the discharge 
development reaches its maximum. The following attenuation of the discharge 
intensity can be divided into two parts: the rapid decrease of intensity, which occurs 
from (50 ± 10) ns till (200 ± 10) ns; and a more gradual decrease, which lasts from 
(200 ± 10) ns till (500 ± 10) ns. No light emission is observed after 500 ns. The most 
active phase of the discharge, during which the most intense light is emitted, thus, 




Figure 45. Temporal evolution of the discharge light. Top image is the integral light intensity 
(normalized) with the corresponding ICCD images; bottom image is the current and voltage  
waveforms  for σ = 2 mS/cm, U = 30 kV 
 
 
The beginning of the discharge light emission is independent on solution 
conductivity as the start of the optical emission occurs at the same time in the whole 
tested range of solution conductivity (0.1 – 2 mS/cm). However, the discharge light 
duration was found to be dependent on solution conductivity. Figure 46 represents the 
effect of the solution conductivity on the discharge light duration. The high solution 
conductivity leads to the shortening of the discharge light duration. It is explained by 
the shortening of the corresponding electric pulse for higher solution conductivity. 
Thus, the duration of the discharge light was found to be 500 ns, 1100 ns and 1400 ns 
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for solution conductivities of 2 mS/cm, 1 mS/cm and 0.5 mS/cm, respectively. Thus, 
the relation between the discharge light duration (tlight, ns) and solution conductivity 
(σ, mS/cm) is expressed by tlight=1700-600·σ in the measured range of σ values. 
However, the lack of data in this experiment does not allow the unambiguous 
conclusion on the shape of the dependency in the wider range of σ values. 
It should be noted that the decrease of the discharge intensity which follows 
the maximum (figure 46), is not as rapid for low solution conductivity, as it is for high 
solution conductivity. It indicates that in the case of the less conductive solutions, the 
discharge power is spread in time, whereas in the case of highly conductive solutions, 
it is released during the considerably shorter period of time. Additionally, the 
discharge light (as well as the discharge power) was shown above to increase with 
increase of solution conductivity (figure 42). These two facts allow to suggest that the 
discharges generated in highly conductive solutions are characterized by a higher 
power and consequently a higher plasma density.  
 
 
Figure 46. Effect of the solution conductivity on the discharge light duration 
 
3.3.3. Post-discharge emission spectrum 
 
3.3.3.1. Reactive species and the respective emission lines 
After the continuum radiation of electrical discharge ceases, a number of 
reactive radicals are formed in the bulk solution. It results in the post-discharge line 





Figure 47. Post-discharge emission spectrum of reactive species (σ = 2 mS/cm, U = 30 kV, camera gate 
delay is 5.2 μs delay, camera gate width is 2.5μ) 
 
1. The peaks in the middle ultraviolet region are due to the emission of hydroxyl 
radicals:  
- A2Σ+ (ν = 1) → X2Π (ν = 0)  transition at 282 nm 
- A2Σ+ (ν = 0) → X2Π (ν = 0)   transition at 309 nm 
2. The peaks in the visible regions – atomic hydrogen lines – are responsible for 
the magenta color around the discharge channel: Hγ at 434 nm, Hβ at 486 nm, 
Hα at 656 nm. 
3. Sodium atomic emission line at 588 nm is observed in highly conductive 
solutions (for σ > 1 mS/cm). 
4. The peaks of the atomic oxygen in the infrared region: 
- 3p5P0 → 3s5S0 transition at 777 nm  
- 3p3P → 3s3S0 transition at 844 nm 
These results are in agreement with the previously reported set of radicals 
formed by the electrical discharges in water (Sun et al, 1997, Ono et al, 2002, Su et 
al, 2002, Bruggeman et al, 2009a, Sunka et al, 1999). 
The post-discharge emission spectrum demonstrates the formation of reactive 
species by underwater electrical discharge, thus, evidencing a great chemical activity 
of underwater plasma. The hydrogen atom is an important species in the radiation 
chemistry of acidic solutions, where it is the major reducing radical (Ered/ox = -2.3 V). 
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With organic compounds it reacts by abstracting H atoms from saturated organic 
molecules. 
The hydroxyl radical is a powerful oxidant having the oxidation potential of 
2.82 V. It behaves as an electrophile in the reactions with organic molecules. OH
•
 




 undergo similar types of 
reaction with organic molecules, OH
•
 is less selective and more reactive than H
•
. 
Although it is assumed that the solvated electron is present in the list of the 
primary species, its formation was not detected in the present study due to its short 
lifetime (a few ps).    
The line of the atomic oxygen is more often observed when electrical 
discharge is generated in gases or in the O2 bubbles. For the liquid phase discharges, 
the line of the excited oxygen can originate either from direct breakdown of the 
oxygen dissolved in water or from the water splitting by energetic electrons in plasma 
(table 4). 
The experimental conditions (AEFS and solution conductivity) determine such 
features of the post-discharge emission spectrum as the number of emission lines, 
their intensity and decay time of the respective species.  The radical line intensity is 
proportional to the number of the species (Sun et al, 1997): 
 
                                                          ,                                                (32) 
 
where νijhc is the energy of each light quantum of a wave number νij emitted in the 
transition, Aij is the transition probability from energy state i to energy state j, Ni is the 
number of radicals in the energy state i. Thus, analysis of the radical line intensity 
enables to estimate the number of the species in the excited state.  
For the spectroscopic measurements of the reactive species, the collimating 
optics was positioned as shown in figure 32. Additionally, the measurements were 
performed with the collimating optics positioned near the opposite electrode, so that it 
enabled to measure the radical emission far from the discharge spot. The emission 
spectra obtained in the two ways did not differ from each other, neither did the line 
intensity change its value. It suggests that the radical formation takes place not only in 
the plasma discharge zone, but also in the entire volume of the discharge gap. Since 
the plasma discharge zone has a very small volume (see Chapter 3.3.1.), the formation 
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of reactive species by electron impact and/or water thermolysis can only take place 
near the HV electrode. Thus, it is assumed that the water photolysis is a dominant 
mechanism of water splitting as the UV light may penetrate into the bulk solution, 
leading to the formation of the reactive species (Lukes et al, 2008). 
 
3.3.3.2.  Effect of the solution conductivity 
Figure 48 shows the effect of solution conductivity on the reactive species 
formation. The figure represents the comparison of post-discharge emission spectra 
for 2 and 0.5 mS/cm. In order to provide the adequate comparison of the emission 
signal of the reactive radicals, one needs to collect the light emitted during the entire 
emission time which is dependent on the solution conductivity. The lifetime of the 
radicals in the excited state was determined by the time-resolved analysis and will be 
discussed below. The compared spectra of solution conductivities of 2 and 0.5 mS/cm 
were taken with the camera gate width of 3 and 18 μs, respectively. In order to record 
the radical light emission without the continuum light, the camera gate delays equal to 
the continuum duration and the camera gate widths equal to the duration of radical 
emission were used.  
The spectrum at lower solution conductivity is characterized by the higher 
intensity of the emission lines (apart from the Na emission line). Taking into account 
the relation between the emission intensity and the number of the emitting species 
(equation 32), one can assume that significantly higher amount of the species in the 
excited state are present in the solution of lower conductivity. Figure 48(b) shows the 
change of integral emission intensity (obtained by integration of the respective 
emission peak by wavelength) of the OH (309 nm), Hα (656 nm) and O (777 nm) 
emission lines depending on solution conductivity. The highest intensity of each 







Figure 48. Effect of the solution conductivity on the radical formation by electrical discharges (U = 30 
kV, d = 1.4 cm, camera gate width is equal to the duration of the radical emission): (a) – comparison of 
the post-discharge emission spectra for σ = 2 and 0.5 mS/cm; (b) – normalized radical intensity as a 
function of solution conductivity 
 
The intensity of all emission lines decreases with increase of solution 
conductivity and the tendency is non-linear. The faster increase of the radical 
emission intensity is observed for the lower values of solution conductivity, 
suggesting that the less conductive solution, the bigger is the influence of solution 
conductivity on the radical line intensity. From the figure it can be seen that the 
relations between line intensity and solution conductivity are close to exponential 
functions. The obtained values were fitted with functions I=0.33+0.67·exp((σ-
0.1)/0.45), I=0.16+0.84·exp((σ-0.1)/0.68) and I=0.03+0.97·exp((σ-0.1)/0.2) for, 
respectively, OH (309 nm), Hα (656 nm) and O (777 nm) emission lines (where I is 
normalized intensity and σ is solution conductivity (mS/cm)).  
In general, the intensity of all emission lines decreases with increase of 
solution conductivity. There are two reasons to the decrease of the line intensity in 
solutions with high conductivity: (i) the lower probability of the light emission by the 
excited species during the transition from the excited to ground state (i.e. lower 
quantum yield); (ii) the lower number of the species in the excited state. The first 
assumption is explained by the formation of complex between the excited species and 
quanchers (quanching), which changes the properties of the initial species. The 
second assumption is explained by the fact that at high solution conductivity less 
species transit to the excited state.    
The shape of dependency of the radical line intensity from solution 
conductivity is affected by the discharge light intensity and/or by the quenching of the 
species.  It is assumed that conditions that lead to the higher discharge light intensity 
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should lead to the higher radical formation rates as more energy is available for the 
transition of the radicals to the excited state. The increase of solution conductivity was 
shown to lead to the more intense light radiation. Therefore, one could assume that at 
high solution conductivities, more intense radical emission should be observed. 
However, an opposite effect of solution conductivity on the radical formation was 
obtained.  
The obtained trend of the decrease of the radical line intensity with increase of 
solution conductivity could be explained by the more intense quenching effect in 
more conductive solutions which was also observed by Shih et al, 2011 and Sun et al, 
1997. The authors suggested that the decreased number of radicals in the excited state 
in solutions with high σ values could be explained by with higher ion concentration. 
Additionally, the faster quenching could take place due to the increased plasma 
temperature in highly conductive solutions. Thus, on the basis of the obtained in the 
present study results one may conclude that it is quenching rather than the discharge 
light intensity that has a stronger influence on the amount of the radicals in the excited 
state. 
 
3.3.3.3. Effect of the electric field strength 
Figure 49 shows the effect of the AEFS on the emission spectrum of reactive 
species formed by underwater electrical discharge for solution conductivity of 0.5 
mS/cm. The camera gate width was 18 μs, which is equal to the lifetime of the OH• 
for the given solution conductivity. As it could be seen from the figure 49(a), the 
change of the AEFS does not significantly influence the shape of the spectra. The 
intensity of all emission lines increases with increase of the applied electric field. It 
could be explained by the more intense discharge light due higher energy input at 
higher AEFS values.  Figure 49(b) demonstrates the dependence of the integral 
intensity of the OH (309 nm), Hα (656 nm) and O (777 nm) emission lines from 
AEFS. The experimentally obtained data were fitted with functions I=-0.28+0.09·x, 
I=-0.25+0.09·x and I=-0.51+0.11·x for, respectively, OH (309 nm), Hα (656 nm) and 
O (777 nm) emission lines (where I is the normalized integral intensity of emission 
line and x is the average electric field strength (kV/cm)). The higher magnitude of 
AEFS was shown to lead to the higher discharge intensity. Thus, at high AEFS 
values, more energy is available for the excitation of the species. It results in the 
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higher amount of the radicals in the excited state and, consequently, in the higher 




Figure 49. Effect of the average electric field strength on the radical formation by electrical discharges 
(σ = 0.5 mS/cm, U = 30 kV, a camera gate width is 18 μs): (a) – comparison of the post-discharge 
emission spectra for 13.4, 8.0 and 6.2 kV/cm, the spectra are normalized and vertically shifted for 
clarity; (b) – normalized radical intensity as a function of average electric field strength 
 
As it is shown in figure, the experimentally obtained data were fitted with 
straight lines. However, in the range of low values of AEFS no electrical discharge 
takes place and, therefore, no reactive radicals could be formed. It suggests that the 
shape of the dependency differs from straight line and the following extrapolation 
with the fitted lines to the lower AEFS is not reasonable.  
 
 
3.3.3.4. Temporal evolution of reactive species  
Depending on solution conductivity, electrical discharges were shown to emit 







) were found to have different lifetime. Additionally, their 
lifetime is dependent on solution conductivity.  
Figure 50 shows an example of the temporal evolution of the OH emission line 
for solution conductivity of 1 mS/cm and the AEFS of 20 kV/cm. The spectra were 
recorded with a short camera gate width of 50 ns. The spectral line profiles at 
different times were integrated and the highest value was taken as 1. The lifetime of 
the radicals in the excited state was determined by the decrease of the normalized 
integral intensity by 50%. The Hα and O emission lines were treated in the same way 
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as the OH emission line. The results are summarized in figure 51 for solution 
conductivities of 0.5 mS/cm, 1 mS/cm and 2 mS/cm (figure 51 (a), (b) and (c), 
respectively). Independently on solution conductivity, all three cases show the same 
trend: the fastest decay was determined for O emission line and the most long-lived 
specie appeared to be the excited OH radical. The experimentally obtained data were 
fitted with the following functions: 
for σ=0.5 mS/cm (figure 51(a)):  
- OH (309 nm): I=-0.54+1.07·exp(-(t-4.54)/8.7) 
- Hα (656 nm): I=-0.23+1.26·exp(-(t-0.93)/5.5) 
- O (777 nm): I=-0.02+0.95·exp(-(t-0.04)/1.7) 
for σ=1 mS/cm (figure 51(b)):  
- OH (309 nm): I=-1.07+1.45·exp(-(t-2.45)/6.4) 
- Hα (656 nm): I=-0.38+1.2·exp(-(t-0.4)/2.9) 
- O (777 nm): I=0.03+0.98·exp(-(t+0.02)/0.45) 
for σ=2 mS/cm (figure 51(c)):  
- OH (309 nm): I=-0.28+1.2·exp(-(t-0.13)/1.42) 
- Hα (656 nm): I=-0.06+0.99·exp(-(t-0.02)/0.7) 
- O (777 nm): I=-0.01+exp(-(t-0.001)/0.27), 
where I is the normalized integral intensity and t is the time (μs). 
From the figure it can be seen that the obtained data could be fitted with more 
than one exponential function. This would suggest the transition of the excited species 
to the ground state in more than one direction. However, the presented fitting of each 
set of data with one exponential function indicates the domination of one process over 
all others that could possibly take place. In general, the exponential decay of radical 
line intensity in time indicates the first order decay kinetics of the excited species 
formed in water by electrical discharges. 
Table 5 summarizes the time constants which characterize the decrease of the 
radical line intensity in time by 1/e times. The values reflect the lifetime of the 
respective species in the excited state. The lifetimes of the radicals in the excite state 
were determined to occur on a μs timescale and vary depending on solution 
conductivity. The values increase with decrease of solution conductivity. As it was 
discussed above, the increase of solution conductivity could make two opposite 
effects on the chemical activity of electrical discharge. On the one hand, higher 
solution conductivity leads to the more intense discharge light resulting in higher 
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amount of the species in excited state, which should have led to the higher radical line 
intensity. However, the observed decrease of radical line intensity suggests that in the 
present experiment the effect of the quenching in solutions with high conductivity 
predominates. The latter leads either to the smaller amount of the species in excited 
state or to the lower probability of light emission during the transition to the ground 
state. 
 
Figure 50. Temporal evolution of the OH emission line (309 nm) (σ = 1 mS/cm, U = 30 kV, d = 1.4 





Figure 51. Evolution of radical line intensity in time depending on solution conductivity (U = 30 kV, d 






Table 5. Mean lifetime of reactive species in excited state (μs) 
 0.5 mS/cm 1 mS/cm 2 mS/cm 
OH (309 nm) 8.70 6.40 1.42 
Hα (656 nm) 5.50 2.90 0.70 
O
I
 (777 nm) 1.70 0.45 0.27 
 
 
3.3.3.5. Effect of the solution saturation with gases  
A line spectrum of reactive species produced during the electrical discharge 
when feeding with nitrogen is shown in figure 52 for σ = 2 mS/cm, U = 30 kV, d = 
1.4 cm. The upper image represents the full spectrum recorded from 200 to 900 nm 
(with a grating of 300 lines/mm) and the lower image is the detailed spectrum of the 
region of the most intense N emission lines recorded with a higher spectral resolution 
(with a grating of 1200 lines/mm). The emission spectrum is composed of the OH, Hα 
and O emission lines. Additionally, some N lines that were previously reported in 
literature (Keller et al, 2012, Rajasekaran et al, 2011) are observed in the near UV and 




 at 337.1 nm 
2. N2
*
 at 380.0 nm 
3. N2
+
 at 391.4 nm 
4. N2
+
 at 427.0 nm 
The addition of N2 into the water exposed to plasma discharges made no 
influence on the lifetime of the OH, H and O radicals. The lifetime of N2
+ 
was 
determined in the same way as for OH radical and estimated to be of ~10 μs (σ = 2 
mS/cm). The emission intensity of the OH line was significantly increased when the 
solution was saturated with N2.  
A line spectrum of reactive species produced by the electric discharge when 
saturating with Ar is shown in figure 53. The experimental conditions and the camera 
settings were the same as in case of N2 bubbling. As well as the spectrum without gas 





Figure 52. Effect of the solution saturation with N2 on the post-discharge emission spectrum. Top 
image is the full spectrum of reactive species recorded with low resolution (grating of 300 lines/mm); 
bottom image is the (320 – 480) nm spectral region recorded with high resolution (grating of 1200 
lines/mm); σ = 2 mS/cm, U = 30 kV, d = 1.4 cm, camera gate delay and camera gate width are 500 ns 
and 10 μs, respectively 
 
 
not visible in the spectrum as the region of the most intense Ar lines (650 – 900 nm, 
Shih et al, 2011) is composed only by Hα at 656 nm and O at 777 nm emission lines. 
The possible reasons could be: (i) inefficient amount of the dissolved Ar in water due 
to the poor solubility; (ii) low intensity of the emission lines due to the poor excitation 
of Ar molecules by plasma. In most studies dealing with underwater electrical 
discharge generation using the gas bubbling, the tested gases are introduced directly 
into the discharge gap (Shih et al, 2011, Sahni et al, 2006, Nikiforov et al, 2011). It 
provides the immediate contact of the dissolved gas bubbles with plasma, which is 
known as ―discharge in gas bubbles‖. In the present study, Ar and N2 were introduced 
far from the reactor chamber and, therefore, needed to be transported to the plasma 
reactor. Such operation could not be attributed to the discharge in gas bubbles. Thus, 
the generation of electrical discharge in aqueous solution saturated with gases has led 
to different results compared to the literature. Since the solubility of Ar is three times 
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higher than of N2 (62 mg/L and 20 mg/L, respectively) and the N2 emission lines were 
observable in the spectrum, an assumption was made that the reason of absence of the 
Ar lines should be rather its poor excitation by plasma than the poor solubility in 
water. Since the mean excitation energy (I) of argon is approximately two times 
higher than that of nitrogen, (I(Ar) = 188 eV and I(N) = 82 eV, (Caso et al, 1998) and 





Figure 53. Emission spectrum of reactive species formed by underwater electrical discharge when 
saturating with Ar. The experimental parameters are the same as in figure 52 
 







. Figure 54 shows the comparison of the emission intensities of 
OH (309 nm), Hα (at 656 nm) and O (at 777 nm) emission lines without gas saturation 
and with the addition of Ar and N2. The highest intensity of all three emission lines 
was obtained when saturating with N2 and the lowest intensity - when the discharge 
occurred directly in water without the gas addition. Thus, the addition of both gases 
has led to higher formation rates of the reactive species. It could be explained by the 
higher amount of the micro-discharges taking place in the solution because of the 
higher amount of the gas bubbles present in the solution when gas bubbling. On the 
contrary, at no gas bubbling, the micro-discharges only occur in the formed water 
bubbles. Consequently, lower amount of micro-discharges occur in this case leading 






Figure 54. Comparison of OH, Hα and O emission lines in the case of no gas bubbling (black), 
saturation with N2 (blue) and Ar (red) (σ = 2 mS/cm, U = 30 kV, camera gate delay and camera gate 




3.3.4. Plasma temperature analysis 
 
Electrical discharge generated in the present study was shown to emit a 
continuous spectrum. It represents a blackbody radiation of the heated discharge 
channels. Since the position of the continuum maximum is determined by the 
temperature of the blackbody, the analysis of the discharge continua allows the 
estimation of the plasma temperature according to Wien’s law (equation 26).  
Effect of the solution conductivity and the applied electric field on the position 
of the continuum maximum (λmax) as well as its temporal dependence are presented in 
figure 55. As it can be seen, λmax remains constant for the tested values of solution 
conductivity (figure 55(a)) and AEFS (figure 55(b)).  It suggests that the tested 
experimental conditions did not make any considerable influence on the plasma 
temperature or their effect was negligible. It could be explained by the fact that the 
analyzed spectra were averaged over the entire plasma volume. It is obvious that the 
plasma gas temperature is high at the discharge epicenter and decreases in the 
direction of the discharge channel propagation. The experimental parameters, thus, 
would significantly influence the local plasma temperature, whereas the temperature 
of the entire plasma volume would be constant. Thus, although some authors assume 
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that the plasma temperature is dependent on the solution conductivity and the AEFS 
(Vanraes et al, 2012), the utilized spectroscopic technique does not allow to trace it in 
the present study.  
Figure 55(c) represents the discharge continua at different moments of a 
discharge. Again, no λmax shift is observed. The plasma temperature is assumed to 
increase during the discharge propagation (0 – 50 ns), achieve its maximal value at 
the moment of the most intense light radiation (at 50 ns) and decrease during the 
discharge attenuation (50 – 500 ns). However, the obtained results indicate the 
constancy of the plasma temperature. It could be explained by the fact that the 
discharge continua were recorded with a relatively long camera gate width (10 ns). 
Thus, the spectra were temporally averaged, which did not allow the more precise 
temperature determination. For the investigation of the influence of the experimental 
parameters on the plasma temperature with spatial and temporal resolution, other 
diagnostic methods should be used. 
 
  
                            
Figure 55. Effect of experimental parameters on the position of the continuum maximum: (a) – effect 




The value of the averaged plasma temperature was obtained from equation 26 
and is estimated to be of 6600 K as the λmax is 437 nm. The difference between the 
corrected temperature determined according to the equation 27 and the blackbody 
temperature (6600 K) was found to be of ΔT ≃ 70 K. Thus, the corrected values of 
the temperature did not significantly differ from the calculated values of the 
blackbody temperature. 
Effect of the gas bubbling on the λmax position is shown in figure 56. A slight, 
but reproducible in time, shift of the λmax to the region of the short wavelength was 
observed as the aqueous solution was fed with N2 and Ar. The continuum maximum 
occurs at 427 nm in the case of N2 and at 429 nm in the case of Ar. These values are 
reproducible in time and did not change at different values of solution conductivity 
and the applied electric field. The averaged plasma temperature when the solution is 
saturated with Ar and N2 is estimated to be of 6800 K. Thus, the plasma generated 
with the addition of the gases is of ~ 200 K hotter than the plasma generated in water 
without gases.    
There are considerably less studies on the investigation of thermal underwater 
electrical discharges with plasma temperature in the range of 5000 – 9000 K 
compared to the numerous investigations of non-thermal discharges. The blackbody 
temperature of underwater electrical discharge determined from the blackbody 
continuum was reported for the first time by Vanraes et al, 2012. The obtained values 
varied from 6300 to 9400 K depending on the experimental conditions. The authors 
also did not observe the influence of solution conductivity on the blackbody 
temperature explaining it by a stronger leakage current towards the surrounding 
solution. However, the authors reported on the influence of gas bubbling on the 
blackbody temperature. Thus, when bubbling N2, Ar and He, the temperature was up 
to 1500 K higher than that of the direct liquid discharges with no bubbles. The 
possible reason of no influence of the gas bubbling on the temperature obtained in the 
present study could be explained by a different discharge nature. Thus, Vanraes et al, 
2012 generated electrical discharge in bubbles, introducing the gases directly into the 
discharge gap, which has led to the different electric characteristics of the discharge. 
Oppositely, in the present study, the discharges were generated in water saturated with 
gases, but not in the gas bubbles. Thus, electrical discharges generated in the present 
study with and without gas addition had the same nature and mechanism, which 






Figure 56. Effect of the saturation of solution with N2 and Ar on the discharge continuum maximum 
 
 
3.3.5. Electron density analysis 
 
Plasma density (Ne) was determined from the Stark broadening of the Hα line 
present in the discharge continuum. The full width at half maximum of the Hα (Δλ1/2) 
was determined by fitting the experimental profile with a Voigt function (equation 31) 
after the background subtraction (figure 57). The influence of other broadening 
mechanisms that are characterized by a Gaussian profile (Doppler effect, instrumental 
broadening etc; equation 30) was negligible as the fitting of the Hα profile with a 
Lorentzian function (equation 29) has showed a convergence of the same extent as 
with the Voigt function. Thus, the main mechanism of Hα line broadening in the 
present study was assumed to be the Stark effect (Sunka et al, 1999, Barmann et al, 
1996, Bruggeman et al, 2010). The Δλ1/2 of the Hα lines was used to estimate the 





Figure 57. Example of the Hα line treatment. On the top - the experimental profile; on the bottom - the 
spectral profile after the background subtraction fitted with a Voigt function (equation 31) 
 
As well as the plasma temperature, all the data presented in this chapter refer 
to the temporally and spatially averaged electron density. The precision of Δλ1/2 and 
Ne measurements is directly defined by the integration time of the spectroscopic 
equipment. The obtained Δλ1/2 values are averaged over time equal to the camera gate 
width.  
 
3.3.5.1. Effect of the solution conductivity 
Figure 58 shows the experimental profiles of Hα line for different solution 
conductivities (U = 30 kV, d = 2.04 cm, a camera gate width is equal to the 
continuum duration for each σ value). The figure shows the broadening of the Hα line 
with increase of solution conductivity. The background subtraction and fitting of the 
experimental profiles are presented at the bottom of the figure. The obtained Δλ1/2 
values are plotted against solution conductivity in figure 59. The dependency 
indicates the stronger effect of solution conductivity on Δλ1/2 in low conducive 
solutions. As the solution conductivity grows, its effect on Δλ1/2 becomes weaker.  
The largest Δλ1/2 value of 21.68 nm was determined for solution conductivity 
of 10 mS/cm. For the higher values of solution conductivities, the line broadening was 
so large that the determination of Δλ1/2 was no longer possible. The increase of Δλ1/2 
from 9.5 nm at 0.5 mS/cm to 21.68 nm at 10 mS/cm corresponds to the increase of the 
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electron density by ~3.5 times (equation 28). Thus, the electrical discharge generated 
in solutions with higher conductivity forms plasma of higher electron density. It is 
explained by the higher amount of the charged species in solution with high 
conductivity and, therefore, the higher current flow. The higher the ion concentration, 
the more effective is the space charge electric field compensation (Sunka et al, 2001). 
It leads to the limited propagation length of the discharge channels. Because of the 
shorter streamer length and, at the same time, the higher current flow, the plasma 
density is higher for solutions with high conductivity. In solutions with low 
conductivity, on the contrary, the ion concentration is low, which allows the discharge 
propagation instead of its quenching. In this case, the generated plasma channels are 
longer, but the current is lower, which leads to the decrease of electron density. Thus, 
at the same input power, the plasma generated in solution with high conductivity has 
higher electron density than the plasma generated in solution with low conductivity.  
An opposite effect of the solution conductivity on the Ne value was reported 
by Vanraes et al, 2012. The authors did not observe the increase of Ne with increase of 
solution conductivity explaining it by a different discharge nature. Thus, according to 
them, Ne does not depend on solution conductivity in spark discharges generated in 
their study, whereas the direct proportionality of Ne on solution conductivity 
evidences the formation of corona discharge. 
     
 





Figure 59. Effect of the solution conductivity on the Δλ1/2 of the Hα line 
 
3.3.5.2. Effect of the electric field strength 
 
Figure 60 shows the experimental profiles of Hα line for different values of 
AEFS (σ = 4 mS/cm, a camera gate width is 300 ns). The obtained Hα profiles were 
treated in the same way as it was for the effect of the solution conductivity. The figure 
shows the broadening of the Hα line with increase of the magnitude of AEFS. 
The obtained values of the Δλ1/2 of Hα line are plotted against AEFS in figure 
61. The electric field strength was found to make no considerable influence on the Hα 
line broadening as the difference between Δλ1/2 for the highest (32.5 kV/cm) and the 
lowest (9.3 kV/cm) tested AEFS values was less than 3 nm. It corresponds to the 
difference in the electron density less than by 1∙1018 cm-3. It is explained by the fact 
that the magnitude of the AEFS does not significantly influence the electrical 
discharge nature unlike in solution conductivity, for instance. The dependency 
between Δλ1/2 and AEFS demonstrates a close to linear behavior and is fitten with 
function y=15.8+0.11·x in the measured range of AEFS values (where y is Δλ1/2 (nm) 
and x is AEFS (kV/cm)). However, it is assumed that at the lower AEFS values, this 





Figure 60. Effect of the average electric field strength on the Hα line broadening (σ = 4 mS/cm, a 




                   Figure 61. Effect of the average electric field strength on the Δλ1/2 of the Hα line 
 
3.3.5.3. Temporal evolution of electron density 
 
The Hα line profiles were measured at different moments of discharge in order 
to investigate the temporal evolution of the electron density during the discharging. 
The spectra are presented in figure 62 (σ = 2 mS/cm, U = 30 kV, d = 1.4 cm). A 
camera gate width was set at 50 ns and the spectra were taken with a time step of 100 
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ns. The figure represents the narrowing of the Hα line in time. The obtained values of 
Δλ1/2 of the Hα line are plotted against time in figure 63. 
 
 
Figure 62. Time-resolved Hα line profiles (σ = 2 mS/cm, U = 30 kV, d = 1.4 cm). A camera gate 




Figure 63. Temporal dependence of the Δλ1/2 of Hα line  
 
The decrease of experimentally obtained Δλ1/2 values in time was fitted with 
function y=29.9-0.04·t, where y is Δλ1/2 (nm) and t is the discharge time (ns). 
Assuming the linear shape of this dependency, one can expect the broadening of Hα 
line up to 29.9 nm at the beginning of the discharge (t≃ 0 ns). Extrapolation of the 
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line to the longer time values (t > 500 ns) suggests the following narrowing of Hα. 
However, after 500 ns the detection of light emission from the discharge as well as the 
detection of H line signal was not possible due to the low intensities. The obtained by 
the fitting straight line does not reflect the real behavior of Δλ1/2 the shorter and the 
longer times and can hardly be used for the extrapolation.    
The largest Hα broadening was measured to be at the initial stage of the 
discharge (100 ns) and is equal to Δλ1/2 = 26.61 nm. It decreases with time as shown 
in figure 63 and reaches Δλ1/2 = 10.16 nm at 500 ns. It corresponds to the decrease of 
the electron density during the active phase of discharge by ~5 times. The high value 
of Ne of the plasma at the initial stage of the discharge is related to the more intense 
discharge light emission due to the high values of discharge current during the first 
100 ns of the discharge. As the discharge channel propagates and expands, the plasma 
occupies the bigger volume and at the same time, the decrease of the current takes 
place. Both facts lead to the decrease of the electron density during the discharge.  
 
3.3.5.4. Effect of the solution saturation with gases 
 
The effect of the gas bubbling (Ar and N2) on the Hα line broadening is shown 
in figure 64 (σ = 2 mS/cm, U = 30 kV, d = 1.4 cm, a camera gate width is 100 ns). 
The Δλ1/2 of the Hα line in the case of saturation with Ar was found to be of 17.6 nm 
and for N2 of 18.1 nm. The much smaller values of Δλ1/2 of the Hα line in the case of 
saturation with gases compared to the Δλ1/2 in the case of no gas bubbling (26.6 nm) 
obtained at the same conditions, indicate that the plasma generated without addition 
of gases has a larger electron density. Thus, the electron density in the case of 
saturation with gas is estimated to be ~2 times lower than in the case of electrical 
discharge without the addition of gases. 
The lower values of electron density for the discharge with gas addition can be 
explained by the less power needed for the discharge propagation (Bruggeman et al, 
2009, Nikiforov et al, 2011, Gershman et al, 2008). According to the bubble theory of 
the electrical discharge in liquid, the discharge generation passes the step of the 
bubble formation prior to the breakdown. At the direct liquid discharge, a significant 





Figure 64. Effect of the solution saturation with Ar and N2 on the broadening of the Hα line (σ = 2 
mS/cm, U = 30 kV, d = 1.4 cm, a camera gate width is 100 ns) 
 
 
Table 6. Values of Δλ1/2 (nm) of the Hα line with and 
without solution saturation with Ar and N2 
Gas Δλ1/2 (nm) 
Ar 17.6 
N2 18.1 
Without gas 26.6 
 
water bubbles, thus, requiring the more input power. When solution is saturated with 
gases, the discharge propagation is simplified due to the presence of the existing 
bubbles. Thus, for the discharge development, less energy is spent on the bubble 
formation through the water vaporization resulting in the less consumption of the 
input power. More energetic direct liquid discharge leads to the formation of a denser 
plasma than the discharge in the case of saturation with gases. Higher values of Ne, on 
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one hand, lead to the higher rates of plasma-chemical reactions, resulting in the higher 
chemical activity. On the other hand, in terms of its application for water treatment, 
the direct underwater discharges with no bubble addition require higher energy 
consumption. The latter circumstance increases the costs of the water treatment 
process being one of the major disadvantages of the method.  
 
3.3.5.5. Numerical values of Ne  
 
The values of Δλ1/2 obtained in the present study correspond to the Ne 
variations from ~2·1018 cm-3 to ~1.4·1019 cm-3 calculated according to equation 28 for 
α1/2 values of 1.89·10
-2
 Å/cgs units of electric field strength and 2.15·10-2 Å/cgs units 
of electric field strength (non-SI units are taken from Griem et al, 1974). Thus, 
depending on the experimental parameters, Ne could be increased by one order of 
magnitude. It corresponds to the typically obtained values of Ne for liquids phase 
discharges (Vanraes et al, 2012, Sunka et al, 1999, Locke et al, 2006, Nahimira et al, 
2007). However, the authors investigating underwater electrical discharge in gas 
bubbles directly introduced into the reactor, usually report on the much lower Ne 






(Bruggeman et al, 2009, Nikiforov et al, 2011, 





















In this chapter, the investigation of underwater electrical discharges was 
carried out. Underwater electrical discharges generated in the present study are partial 
discharges and were attributed to corona-like discharges by nature.    
The discharge continuum measured in the present study was attributed to a 
blackbody radiation of the discharge channels. Increase of solution conductivity and 
average electric field strength makes a positive effect on the amount of light emitted 
during the discharge.  The duration of the discharge light emission occurs in the range 
of up to ~1.5 μs for the tested experimental conditions and decreases with decrease of 
solution conductivity. 
Increase of solution conductivity makes a negative effect on the chemical 
activity of underwater plasma. Increase of average electric field strength makes a 
positive effect on the chemical activity of underwater plasma. The lifetime of the 
reactive species in the excited state occurs in the range of a few μs and is dependent 
on solution conductivity.  
Underwater plasma discharges were found to be (i) able of excitation of N2 
molecules when the aqueous solution is saturated with N2; (ii) unable of excitation of 
Ar molecules when the aqueous solution is saturated with Ar under the tasted 
conditions. The increase of the chemical activity of underwater plasma by saturation 
of the solution with N2 was proven. 
The blackbody temperature of plasma generated in the present study is ~6000 
– 7000 K. The blackbody temperature of the plasma is independent on solution 
conductivity and average electric field strength and slightly dependent on the 
saturation of solution with Ar and N2 gases.  
Plasma generated in the present study is characterized by the spatially and 
temporally averaged electron density of 10
18
 – 1019 cm-3 depending on the 
experimental conditions. Increase of solution conductivity makes a positive effect on 
the increase of electron density. Average electric field strength makes no considerable 
influence on the electron density. Solution saturation with gases leads to the decrease 
of the electron density. Plasma with the highest values of electron density occurs at 
the initial stage of the discharge.  
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This chapter finalizes the investigation of underwater electrical discharges as 
an alternative method of water treatment. In this chapter, the conclusions made in the 
previous two chapters on generation and diagnostics are used in order to optimally 
apply electrical discharges for water treatment.  
The degradation of five pharmaceutical compounds (diclofenac, iopamidol, 
metoprolol, bisphenol A and carbamazepine) and trifluoroacetic acid by electrical 
discharges was investigated. The main parameter to evaluate the feasibility of the 
method was the removal rate. Liquid chromatography was the main technique used at 
this step of investigation to determine the values of the removal rates. The effect of 
the following experimental parameters on removal of the selected compounds was 
studied: initial concentration, solution conductivity, reactor configuration, treatment 
time.  
The main aim of this part of the study is to prove the applicability of 
underwater electrical discharges for water treatment. To achieve this aim, the 
following objectives were set: (i) obtain the highest possible removal rates; (ii) 
estimate the energy yield and increase its value; (iii) check the influence of 




4.1. Literature survey 
 
4.1.1. Current studies on removal of organics by electrical discharges 
 
The capability of electrical discharges for water treatment was extensively 
investigated over the last few decades. Although every year the number of research 
groups dealing with water treatment by electrical discharges increases, there is still a 
lack of studies which does not allow to transfer the method from the laboratory to the 
commercial scale. In the evaluation of the decontaminating capability of electrical 
discharges, the most frequently used compounds are organic dyes (Magureanu et al, 
2007, Sugiarto et al, 2001, Vujevic et al, 2004, Zhang et al, 2010, Stara et al, 2008, 
Stara et al, 2009, Pawlat et al, 2007, Wang et al, 2008a, Wang et al, 2008b, Bozic et 
al, 2004, Gao et al, 2008). The reasons for that are the simplicity of the analytical 
techniques (usually UV absorption spectroscopy) and the relatively high tendency of 
dyes to the destruction by the reactive radicals. Among the other model compounds, 
there are phenols (Hoeben et al, 1999, Hoeben et al, 2000, Hayashi et al, 2000, Sato 
et al, 2007, Yan et al, 2005, Piskarev et al, 1999, Kusic et al, 2005, Bubnov et al, 
2006) because of their relatively simpler molecular structure. Finally, the potential of 
electrical discharges to disinfect water was evaluated on example of several bacteria 
(Edebo et al, 1968, Edebo et al, 1969, Sato et al, 1996, Ching et al, 2001, Abou-
Ghazala et al, 2002, Li et al, 2006, Sale et al, 1967, Mizuno et al, 1988). 
The energy efficiency of water purification by electrical discharges depends on 
the type of the discharge. Malik et al, 2010 and Grabowski et al, 2005 carried out a 
comparative study on different discharge types in terms of the degradation efficiency. 
The authors showed that the highest efficiencies were achieved for the hybrid 
reactors, where one electrode is submerged in the aqueous solution and another one is 
placed in the gas phase. The lowest efficiencies were obtained for the direct liquid 
discharges. Removal rates and efficiency could be greatly improved by gas bubbling 
directly into the discharge gap. Yet, even the list energy demanding discharge method 
requires significant costs. It suggests that it is only worth to use electrical discharges 
for really recalcitrant compounds which are impossible to degrade by the 
conventional water treatment methods. Following this aim, some authors have 
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recently reported on the degradation of several pharmaceutical compounds using 
electrical discharges (Magureanu et al, 2010, Magureanu et al, 2011, Magureanu et 
al, 2012, Krause et al, 2009, Krause et al, 2011, Gerrity et al, 2010). Among the 
reasons of the lacking reports on the pharmaceutical removal by electrical discharges 
are: (i) the complex molecular structure compared to the more simple structure of the 
more frequently investigated phenols which complicates the study of degradation 
mechanism; (ii) the high recalcitrance which does not allow to achieve significant 
removal rates.  
 
4.1.2. Pharmaceutical compounds 
 
Pharmaceuticals are a group of chemical substances characterized by a great 
variety of properties. The high activity of pharmaceuticals towards bio-organisms 
determines their application in such fields as human health, medicine, agriculture, 
veterinary etc. The rapid development of the pharmaceutical industry in the last 
decades has led to the increased consumption of pharmaceutical compounds. Because 
of their extremely high persistence, many pharmaceuticals do not undergo the 
biodegradation and the common water treatment techniques fail to degrade the 
compounds. As a consequence, pharmaceutical residuals are constantly found in water 
treatment plant effluents. Thus, the continuous introduction of pharmaceuticals into 
the environment and the inability of the water treatment methods to degrade them lead 
to the continuous accumulation of pharmaceuticals in human body. It negatively 
influences the human health and may cause many chronic diseases. Although the 
concentration of pharmaceuticals in the environment (surface, drinking, ground 
waters) is low, water, containing them, is consumed many times a day, so the dose 
accumulated could be much higher than it may seem. 
Diclofenac is one of the representatives of NSAIDs - non-steroidal anti-
inflammatory drugs – which is used as an analgesic, antirheumatic agent and an 
effective pain killer. Diclofenac was originally synthesized by Ciba-Geigy in the year 
1965 and was launched as Voltaren in 1988. It is mostly used as the sodium salt 
(C14H10Cl2NNaO2) due to the higher water solubility of the latter one compared to the 
acid form. Hundreds of tons of diclofenac are produced annually worldwide (Buser et 
al, 1998). Nikolau et al, 2007 reported on the annual consumption of diclofenac in 







Properties (Safety Data Sheet): 
Brutto formula: C14H11Cl2NO2 
Molecular weight: 296.15 g/mol 
IUPAC classification: 2-(2,6-dichloranilino) phenylacetic acid 
Solubility in water: 2.37 mg/L (25 °C) 
 
 
Figure 65. Structural formula of diclofenac 
 
detected pharmaceutical compounds in the water cycle (Ternes et al, 1998, Buser et 
al, 1998, Buser et al, 1999, Stumpf et al, 1999). 
The ecotoxicity of diclofenac is relatively low, however, its ecotoxicity could 
be increased drastically in combination with other pharmaceutical agents which are 
present in the environment resulting in toxic effects (Perez-Estrada et al, 2005). 
The complete elimination of diclofenac by biological treatment in water 
treatment plants (WTP) is not possible (Joss et al, 2006, Bound et al, 2005). The 
concentration of diclofenac in the WTP effluents is estimated to be of the order of a 
few μg/L (Soulet et al, 2002, Heberer et al, 2002a,b,c, Tixier et al 2003). Diclofenac 
was found in ground and surface waters (Sacher et al, 2001, Schmitt-Jansen et al, 
2007, Buser et al, 1998). Diclofenac is not considered to be a persistent compound 
since it could be eliminated relatively easily in the environment. Despite this, owing 
to the continuous release of the pharmaceutical into the environment and, therefore, a 
high value of its constant concentration, diclofenac is supposed to be ―pseudo-
recalcitrant‖.  
Many studies reported on the ability of diclofenac degradation by direct 
photolysis (Buser et al, 1998, Buser et al, 1999, Agüera et al, 2005, Görner et al, 
2010, Salgado et al, 2012) including the degradation by the natural light (Koutsouba 
et al, 2001). However, the long duration of the photolytical degradation of diclofenac 
(hours or days, depending on the light source) is a significant disadvantage. The 
successful and more rapid degradation of diclofenac by Advanced Oxidation 
Processes (AOPs) was reported (Zwiener et al, 2000, Vogna et al, 2004, Huber et al, 
2003). Diclofenac was shown to be easily and completely degraded by ozonation 
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(Sein et al, 2008, Sein et al, 2009, Huber et al, 2003, Huber et al, 2004) and the attack 
of the hydroxyl radicals (Yu et al, 2012).  
Despite the high degradation rates in most of cases or even complete 
degradation, diclofenac removal by the listed above methods was reported to lead to a 
great variety of transformation products of various toxicity levels. Studies on 
determination of DFC products most frequently report on the formation 5-
Hydroxydiclofenac, 4’-Hydroxydiclofenac and Diclofenac-2,5-iminoquinone by 
oxidation (Miyamoto et al, 1997, Kaphalia et al, 2006, Sein et al, 2008, Perez-Estrada 
et al, 2005, Kinne et al, 2009) and 2-(8-chloro-9H-carbazol-1-yl)acetic acid by 






Properties (Seitz et al, 2004): 
Brutto formula: C17H22I3N3O8 





Solubility in water: freely soluble 
 
Figure 66. Structural formula of iopamidol 
 
The presence of iodine in its structure allows of the absorption of X-rays by 
iopamidol molecules. It is one of the representatives of non-ionic iodinated X-ray 
contrast media (ICM), which are widely used in the radiology diagnostics for imaging 
of soft tissues. ICM are known to be a source of iodine in the formation of highly 
toxic iodo-trihalomethane and iodo-acid disinfection by-products (Duirk et al, 2011).  
The annual usage of ICM is estimated to be of 3500 tons (Perez et al, 2007). 
ICM are not completely destroyed by the conventional water treatment. The WTP 
effluents were reported to contain ICM in amount of up to 100 μg/L (Ternes et al, 
2000, Putschew et al, 2001). On the ng/L level, ICM were detected in drinking and 
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tap water samples (Putschew et al, 2000, Hirsch et al, 2000). Due to their wide use in 
the medicine, ICMs are chronic pollutants in the hospital waters (Gartiser et al, 1996). 
The biodegradation of ICM in WTP is non-effective. However, approximately 
85% of iopromide was transformed into its metabolites by activated sludge in the 
laboratory experiments (Kalsch et al, 1999). The removal of ICM by ozonation has 
shown to decrease the concentration by only 35-55 % (Seitz et al, 2008). However, 
the amount of organic bound iodine remains nearly constant (Putschew et al, 2003, 
Putschew et al, 2006). Significant degradation rates or complete elimination of some 
ICMs depending on the conditions were achieved with the direct photolysis (Perez et 
al, 2009), photocatalysis (Doll et al, 2003) and AOPs (Ternes et al, 2003, Jeong et al, 
2010), however, the efficiencies of these processes are low.  
The most frequently reported ICM used to study the degradation process are 
diatrizoate (ionic), iopermol and iopromide (non-ionic). Pitre et al, 1980 originally 
reported on the synthesis of iopamidol in the year 1980 as an alternative ICM with 
high water solubility. Despite the relatively long history of iopamidol and its apparent 






Properties (ChemSpider, The free chemical 
database): 
Brutto formula: C15H25NO3 




Solubility in water: practically insoluble 
Figure 67. Structural formula of metoprolol (both isomers) 
 
Metoprolol is a white crystalline odorless powder. In pharmacology, 
metoprolol acts as a cardioselective β1-receptor blocking agent. The β1-selectivity of 
metoprolol is thought to be due to the substituents in the para position. It is usually 
used for acute myocardial infarction, heart failure, angina pectoris, mild to moderate 
hypertension and arrythmias (Swedberg et al, 1979, Ikehata et al, 2006). It may also 
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be used for migraine headaches. Due to the poor solubility, metoprolol is usually used 
in the form of its tartrate salt, which was originally synthesized by Novartis in the 
year 1978.  
Sewage treatment plant effluents were reported to contain various β-blockers 
in amount of up to 2 μg/L (Huggett et al, 2003). The occurrence of these drugs in 
rivers and surface waters was also detected (Zuccato et al, 2005, Gros et al, 2007, 
Gros et al, 2010, Coetsier et al, 2009). The incomplete degradation of β-blockers by 
conventional water treatment and the subsequent accumulation in human body may 
cause the failure of cardiac system.   
Studies on metoprolol degradation report on its high resistance towards 
biodegradation (Baran et al, 2006, Mohring et al, 2009) and photolytical stability (Liu 
et al, 2009, Bokar et al, 2011, Piram et al, 2008). At the same time, metoprolol is 
degradable under the attack by OH
•
. The latter fact is thought to be due to a 
weakly/moderately activated aromatic ring, caused by a secondary amine, which is a 
target of OH
•
 (Ikehata et al, 2006). Borkar et al, 2011 reported on the extensive 
hydrolysis of metoprolol at the increased temperature in acidic conditions. At the 
same time, the authors reported on the stability of the solid drug towards the direct 
photolysis and oxidation by H2O2. Photocatalytical degradation of metoprolol was 
shown to lead to complete mineralization to form CO2 and H2O (Abramovic et al, 
2011, Yang et al, 2010). The authors showed the key role of OH
•
 in metoprolol 
degradation by using OH
•
 scavengers. Metoprolol degradation by AOPs showed up to 
70% mineralization by photo-Fenton process (Rivas et al, 2010, Romero et al, 2011). 
 






Properties (ChemSpider, The free chemical database): 
Brutto formula: C15H16O2 
Molecular weight: 228.29 g/mol 
IUPAC classification: 4,4'-(propane-2,2-diyl)diphenol 
Solubility in water: 300 mg/L (25 °C) 
 




Bisphenol A was originally synthesized by A. Dianin in the year 1891. Over 
the decades it was widely used as the key monomer in the production of epoxy resins, 
polycarbonate plastics, unsaturated polyesters (Rufus et al, 1994, Olea et al, 1996). 
The hormone-like properties of bisphenol A were discovered by C. Dodds in the early 
1930s. Owing to its estrogenic activity, bisphenol A is used as an endocrine disrupting 
compound (EDC). 
The production volumes of bisphenol A are one of the world’s highest. The 
annual global production of bisphenol A in the early 2000s was estimated to be in the 
range of million tons (Staples et al, 2002). The adverse effects of bisphenol A consist 
in its potential to interfere the normal functioning of the endocrine system by 
duplicating, blocking or exaggerating hormonal responses (Ohko et al, 2001, Suzuki 
et al, 2004). Bisphenol A makes a particularly harmful effect on fetus, infants, young 
children because of the absence of the feedback regulating the activity. In the year 
1996, the European Comission declared the harmful effect of bisphenol A on human 
body. In the year 2010, the government of Canada placed bisphenol A in the list of 
toxic substances (The Globe and Mail 2010, Canada Gazette 2010). 
Bisphenol A was found in surface water samples (Suzuki et al, 2004). The 
average level of BPA in the leachates of hazardous waste landfill was reported by 
Yamamoto et al, 2001 to be of 270 ng/L. Many studies report on the capability of 
bisphenol A to biodegradation by different organisms such as bacteria, fungi, 
planktons, animals (Kang et al, 2006, Dorn et al, 1987, Atkinson et al, 1995, Kang et 
al, 2002, Ying et al, 2003, Spivack et al, 1994, Chai et al, 2005, Hirano et al, 2000, 
Hirooka et al, 2005). The electrochemical degradation appeared to be an effective 
method of bisphenol A elimination. Cui et al, 2009 and Tanaka et al, 2002 
demonstrated the total destruction of BPA using different electrode materials (i.e. 
different amounts of charge consumption). The authors also showed that both – direct 
electrolysis of bisphenol A and oxidation by OH
•
 – play important roles in the 
electrochemical degradation of BPA. Bisphenol A could also be degraded 
photocatalytically (Ohko et al, 2001) resulting in mineralization and by ozonation 











Properties (Thome et al, 1994, Astier et al, 1979): 
Brutto formula: C15H12N2O 
Molecular weight: 236.26 g/mol 
IUPAC classification: 5H-Dibenz(b,f)azepine-5-
carboxamide; 5-carbamoyl-5H-dibenz(b,f)azepine 
Solubility in water: 20 mg/L (25 °C); soluble in 
acetone, alcohol, chloroform 
 
Figure 69. Structural formula of carbamazepine 
 
The presence of an amine group in its structure causes the polar nature of 
carbamazepine. As a pharmaceutical, it is commonly used as an anticonvulsant, mood 
stabilizing antiepileptic drug (Grushka et al, 1971, Thome et al, 1994, 
Umweltbundesamt fact sheet Carbapazepine). As an organic compound it was 
originally synthesized by W. Schindler in 1953 and has been used as a drug since 
1962 in many countries. In the year 1997, the consumed quantity of carbamazepine in 
Austria was 6334 kg per year, whereas the amount of the consumed carbamazepine in 
South Korea in the year 2003 was already 9155 kg (Schramm et al, 2006, Kim et al, 
2007). The principle toxic effects of carbamazepine are depression in level of 
consciousness and convulsions.  
Carbamazepine was found in municipal, surface and drinking waters (Ternes 
et al, 1998, Heberer et al, 2004), where its occurrence varies from the ng/L level 
(drinking water samples) to the μg/L level (surface water samples) (Stamatelatou et 
al, 2003). Among the investigated methods of carbamazepine degradation, there are 
biodegradation (Stamatelatou et al, 2003, Bernhard et al, 2006, Lesjean et al, 2005, 
Carballa et al, 2007, Clara et al, 2005, Ksjek et al, 2009), ozonation (Andreozzi et al, 
2002, Ternes et al, 2002, Hua et al, 2006), UV photolysis (Petrovic et al, 2007, Vogna 
et al, 2004, Donner et al, 2012) and photocatalysis (Doll et al, 2005, Doll et al, 2004, 
Andreozzi et al, 2002, Andreozzi et al, 2003, Baker et al, 1973). The studies showed 
the inability of the biodegradation of carbamazepine, whereas significant removal 
rates were achieved with ozonation (> 90% (Ternes et al, 2002)). Photolysis of 
carbamazepine was shown to lead to the transformation products – acridine and 
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acridone – which toxicity much exceeds the toxicity of carbamazepine itself (Donner 
et al, 2012). Complete removal of carbamazepine by photocatalysis using TiO2 was 
reported (Im et al, 2012), however, the formation of acridine (main intermediate) was 
also observed.  
 
 






Properties (ChemSpider, The free chemical 
database): 
Brutto formula: CF3COOH 
Molecular weight: 114 g/mol 
IUPAC classification: 2,2,2-trifluoroethanoic acid 
Solubility in water: miscible 
Density: 1.489 g/cm
3
 (20 °C) 
Boiling point: 72.4 °C 
pKa: -0.25 
 
Figure 70. Structural formula of trifluoroacetic acid 
 
 
Owing to the presence of three fluorine atoms in its structure, trifluoroacetic 
acid is known as a very strong acid with pKa = -0.25. The molecular structure of 
trifluoroacetic acid is presented in figure 70. 
In the nature, trifluoroacetic acid could be formed from hydrofluorocarbons 
(HFC) and hydrochlorofluorocarbons (HCFC) which could react with OH
• 
in the 
troposphere with the following oxidation by O2 (Wallington et al, 1991, Scott et al, 
2000). In the sea water, trifluoroacetic acid has been accumulating over many million 
years around sub-sea volcanic vents (Environmental fate of trifluoroacetyl halides) as 
a well-known HCFC source is volcanoes. Additionally, a source of trifluoroacetic 
acid was reported to be the degradation of the commercial fluoropolymers 
continuously charged into the environment during the manufacturing processes (Ellis 
et al, 2001, Ellis et al, 1997, Key et al, 1997). The typically reported level of 




Although mammals are not affected by trifluoroacetic acid at the concentration 
thousand times higher than the one presented in the environment, trifluoroacetic acid 
is characterized by phytotoxicity (Berends et al, 1999) and may be harmful to aquatic 
organisms. There is no data on bioaccumulation of TFA. 
The lack or absence of data on successful degradation of trifluoroacetic acid 
distinguishes it from other recalcitrant compounds. TFA was reported to be non-
degradable under the environmental conditions (Martin et al, 2000, Ellis et al, 2001, 
Boutonnet et al, 1999, Pehkonen et al, 1995) and is currently considered to be highly 
persistant. Visscher et al, 1994 have shown the possibility of trifluoroacetic acid 
degradation microbially in oxic and anoxic conditions by up to 87%, however, the 
incubation periods were in the range of a few weeks. This result was not reproduced, 
therefore, generally, trifluoroacetic acid is supposed to be resistant to the 
biodegradation. Lifongo et al, 2010 predicted the extremely slow thermal degradation 
of trifluoroacetic acid which is estimated to be of thousand years, although the tested 
temperature was up to 100 °C. The low reactivity of OH• towards trifluoroacetic acid 
does not allow of its degradation by AOPs. Consequently, photocatalytical 
degradation of trifluoroacetic acid by TiO2 is also not possible. Hori et al, 2003 
reported on the 20% degradation of trifluoroacetic acid using H3PW12O40·6H2O as a 
photocatalyst in water saturated with oxygen after irradiation by the UV lamp during 
48h. Francisco et al, 1992 studied the degradation pathways of trifluoroacetic acid 
using the computational methods. The authors predicted that the first step of 

















4.2.1. Reactor configuration 
 
The degradation of selected pharmaceutical compounds was performed either 
in a batch or in a flow reactor (BR and FR, respectively). Schematically both reactor 
configurations are shown in figure 71. In the batch configuration (figure 71(a)), the 
plasma reactor was not incorporated into the flow system. Therefore, the cooling and 
mixing of the solution were not provided in this reactor configuration. The stationary 
solution in the BR (V = 25 mL) underwent the plasma treatment during 1, 2, 3, 4, 5, 
10, 15 and 30 min. For each time period, the BR was filled with a new fresh solution. 
After the plasma treatment, the solution was removed from the reactor. In the flow 
configuration (figure 71(b)), the plasma reactor was incorporated into the flow system 
described in Chapter 2.2.1.2. The total volume of the flow system used for 
degradation experiments was 250 mL. The circulating solution underwent the plasma 
treatment during 4h with the sampling after 15, 30, 45, 60, 90, 120, 150, 180 and 240 
min. For the operation in the FR, the solution was not removed during the entire 
treatment time. At each sampling point, the solution in amount of 1 mL was taken 
from the open vessel. Thus, by the end of plasma treatment the amount of the solution 
decreased by 8 mL, which was assumed to make negligible influence on the 
degradation rate. The solution flow rate was set at 80 L/h. With such settings, the 
residence time of the treated solution in the FR was equal to the residence time in the 
BR (30 min). Solution with a known concentration of a pharmaceutical was places 
into the plasma reactor. The circulated (in the FR) or stationary (in the BR) solution 
was treated by the electrical discharges with U = 30 kV, F = 10 Hz, d = 1.54 cm and σ 
= 2 mS/cm for all experiments in the present study (apart from the experiments on the 
effect of the solution conductivity on removal rates, where σ was variable. The values 











Diclofenac (DFC, disodium salt, 99%), iopamidol (IOP, 99%), metoprolol 
(MP, tartrate salt, 99%), bisphenol A (BPA, 99%), carbamazepine (CBZ, 99%) and 
trifluoroacetic acid (TFA, 99%) were purchased from Sigma Aldrich (DFC, MP, CBZ 
and TFA) and Nycomed GmbH (IOP). Stock solutions were prepared on Milli-Q Plus 
water (σ = 0.3 μS/cm). The concentrations of the solutions of tested pharmaceutical 
compounds and TFA were 1, 10 and 100 mg/L. Due to the limited water solubility, 
CBZ degradation was investigated at C0 = 1 and 10 mg/L. The conductivity of the 
solutions was adjusted by Na2SO4. The prepared solutions and the samples with the 




The concentration of the compounds after the plasma treatment was 
determined using High Performance Liquid Chromatography (HPLC). Two HPLC 
systems were used. First one is Shimadzu (Japan) consisting of the following parts: a 
diode-array detector (model SPD-M10 AVP), an auto injector (model SIL-10AD), a 
degasser (model DGU-14A), a system controller (SCL-10A) and a pump (LC-10AT). 
The HPLC system was equipped with a Prontosil 120-5-C18 column (250 x 4.0 mm). 
The Shimadzu HPLC system was used for the analysis of transformation products of 
DFC, for which the detection at different wavelengths is required. Second HPLC 
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system is Agilent 1100 (Germany), with UV detection. The system was equipped with 
a SunFire™ column C18 (4.6 x 150 mm, 3.5 μm). The Agilent HPLC system was 
mostly used for the analysis of degradation of the initial compounds, for which the 
simultaneous detection at different wavelengths is not required. The following HPLC 
methods were used:  
 
1. Diclofenac: the mobile phase (flow rate 0.4 mL/min) was a mixture of 
methanol and water (80 % MeOH), the water being acidified with HCl to pH 
3, UV detection was set at 254 nm, injection volume was 50 µL.  
2. Iopamidol: the mobile phase (flow rate 0.4 mL/min) was a mixture of 
acetonitrile and water (with the following gradient: 0-2 min 5% ACN, 6.5-10 
min 35% ACN, post time 3 min), UV detection was set at 242 nm, injection 
volume was 50 µL.  
3. Metoprolol: the mobile phase (flow rate 0.3 mL/min) was a mixture of 
acetonitrile and water (with the following gradient: 0-5 min 15% ACN, 10-15 
min 30% ACN, post time 3 min), the water being acidified with 0.1% formic 
acid, UV detection was set at 225 nm, injection volume was 50 µL.  
4. Bisphenol A: the mobile phase (flow rate 0.4 mL/min) was the mixture of 
acetonitrile (30%) and water (70%), UV detection was set at 280 nm, injection 
volume was 50 µL. 
5. Carbamazepine: the mobile phase (flow rate 0.4 mL/min) was a mixture of 
acetonitrile (10%), methanol (60%) and water (30%), UV detection was set at 
230 nm, injection volume was 50 µL.  
The peak of each compound was integrated and the obtained areas were used 
for the quantitative analysis. The calibration curves were made using the solutions 
with known concentration of the compounds. The peak area (a.u.) versus the 
compound concentrations (mg/L) demonstrated the linear relationship. 
 
4.2.4. Degradation of TFA 
The ability of underwater electrical discharges to destroy polyfluorinated 
compounds (PFC) was checked on the example of the simplest representative (after 
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CHF3) – trifluoroacetic acid (TFA). The solutions with the initial concentrations of 1 
and 10 μM were made up using Milli-Q Plus water. The TFA degradation with a 
higher concentration (100 μM) was carried out, but not analyzed because of the 
overloading of the LC column. The degradation experiments were carried out in the 
BR with the treatment time of 2h. The concentration of TFA after plasma treatment 
was determined using ion chromatography (IC). The IC system 883 Basic IC plus 
(Metrohm AG, Switzerland) was equipped with a column Metrosep A Supp 4 (4.0 x 
250 mm, 9μm). The mobile phase was sodium carbonate-bicarbonate buffer solution 
(1.8 mM Na2CO3 / 1.7 NaHCO3), the flow rate was 1 mL/min, injection volume was 
20 μL. 
The change of TFA concentration during the plasma treatment was carried out 
by the analysis of the peak area of CF3COO
- 
anion. The blank experiment revealed the 
formation of F
- 
released from the destruction of the Teflon
®
 holders in the plasma 
reactor in amount of ΔC (F-) = (122 ± 0.8) μM. Thus, the release of F- resulted from 
the possible cleavage of C-F bond of TFA was not possible to measure at the given 
experimental conditions. The second blank experiment was performed in order to 
measure the amount of TFA which could possibly be absorbed by the Teflon® parts 
of the plasma reactor. The change of TFA concentration was ΔC (CF3COO




4.2.5. Calculation of energy efficiency 
 
The removal efficiency (W (mg/kWh)) was evaluated using the equation 
(Magureanu et al, 2010): 
                                               
                
                                 
                         
 
      
        
                       (33) 
 
where X is the conversion, C0 is the initial concentration (mg/L), V is the treated 
volume (L), Ep is the pulse energy (kW), F is the frequency of high-voltage pulses 
(Hz) and t is the treatment time (s). The pulse energy was determined by integration 
of the discharge power by pulse duration time and was found to be of 0.94 J (2.8∙10-4 
Wh) for 2mS/cm (Chapter 2.3.4.). 
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4.3. Results and discussions 
 
4.3.1. Removal of pharmaceuticals 
 
All pharmaceuticals were partially degraded in aqueous solution exposed to 
electrical discharges. The degradation rates were found to be dependent on the initial 
concentration of the pharmaceuticals, the reactor type (batch or flow configuration, 
BR and FR, respectively) and the solution conductivity.  
The degradation rates of diclofenac (DFC), iopamidol (IOP), metoprolol (MP), 
bisphenol A (BPA) and carbamazepine (CBZ) achieved within 30 min of operation 
using the plasma reactor in the batch configuration are presented in figure 72(a) for 
the initial concentrations of 1, 10 and 100 mg/L. As it could be seen, DFC appeared to 
be the list stable towards the electrical discharges with the degradation rate of (90 ± 
4)%, whereas CBZ was the most stable among the investigated substances with the 
degradation rate of (15 ± 6)% for C0 = 1 mg/L. The removal rates for all compounds 





Figure 72. Effect of the initial concentration of pharmaceuticals on the removal rates: (a) – in the batch 
reactor and (b) – in the flow reactor 
 
The degradation rates of DFC, IOP, MP, BPA and CBZ achieved within 240 
min of operation using the plasma reactor in the flow configuration are presented in 
figure 72(b) for the initial concentrations of 1, 10 and 100 mg/L. Similarly to the BR, 
DFC and IOP showed the highest removal rates and CBZ and BPA appeared to be the 
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most recalcitrant. The removal rates for all compounds increase as the initial 
concentration is decreased as it was in the batch configuration. Very few studies 
report on the considerable degradation rates of pharmaceuticals using electrical 
discharges, which complicates the comparison of the obtained results with the 
literature. However, Krause et al, 2009 reported on almost complete elimination of 
CBZ (98%) by plasma treatment at C0 comparable to the one used in the present 
study. The higher removal rates compares to the ones obtained in the present study 
could be explained by the fact that the authors used a different discharge type - corona 
in air. The same high removal rates of CBZ by electrical discharges were obtained by 
Gerrity et al, 2010 at C0 < 1μg/L. The authors declared that CBZ was highly 
susceptible to non-thermal plasma treatment, however, the type of the electrical 
discharge was similar to the one in the work of Krause et al, 2009. Wang et al, 2007 
reported on the elimination of BPA by ~60% by glow discharge in aqueous solution at 
C0 = 100 mg/L. The authors also reported on complete elimination of BPA using 
NaCl solution instead of Na2SO4 because of the role of Cl2
•-
 in the degradation of 
BPA. However, in that case, the authors assume the interaction of the target 
compounds with the added substances, which is against of the aim of the present 
study. Thus, neither CBZ nor BPA were reported in the literature to be recalcitrant 
towards the electrical discharges. One of the possible reasons of the limited 
degradation of these compounds obtained in the present study could be the lower 
efficiency of the liquid phase discharges compared to the discharge in air.  
 
            4.3.1.1. Effect of the initial concentration  
 
In both reactors independently on the configuration, the higher removal rates 
were achieved for all compounds at lower initial concentrations. For example, in the 
BR, DFC was degraded by 90% at the initial concentration of 1 mg/L and by 21% at 
the initial concentration of 100 mg/L (figure 72). The smallest variations of the 
removal rates at different C0 were observed for BPA and CBZ, which degradation was 
assumed to be slightly independent on the amount of the initial compound. The 
observed phenomenon could be explained by the difference in the degradation 
kinetics. At low initial concentration, the target compound is in a less excess relating 
to the main reactant (e.g. oxidative species, plasma photons etc). At the high initial 
concentration, the target compound is in a greater excess compared to the other 
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reactants, which are in a higher deficiency. The latter case will lead to the lower 
values of the rate constant and, consequently, to the lower degradation rates. Another 
possible explanation could be the formation of the transformation products which 
recalcitrance exceeds the recalcitrance of the initial substances. It leads to the 
prevention of the following degradation of the initial compounds. Thus, at higher 
initial concentrations of the target compound, the number of the recalcitrant products 
is higher than at the lower concentration. This fact leads to the lower degradation rates 
of the same compound at higher initial concentration compared to the lower 
concentration. The observed effect of the increase of the removal rates with the 
decrease of the initial concentration is in agreement with the results usually reported 
in literature for pharmaceuticals in the same range of C0 (Magureanu et al, 2010, 
Krause et al, 2011). 
 
            4.3.1.2. Effect of the reactor configuration  
 
The degradation rates were found to be dependent on the reactor configuration. 
The experiments on degradation were carried out either in the BR with a small 
volume and without stirring or in the FR with a bigger volume and with continuous 
circulation of the treated solution. An argument in favor of the use of the FR was that 
it simulated a commercial unit more closely than the BR; while the latter is more 
commonly used at the early stage of development due to the simplicity of its usage. 
Comparing the degradation at the same conditions in the batch and the flow reactors, 
it should be noted that for most of the cases the higher removal rates are achieved 
using the BR. For example, DFC at the initial concentration of 1 mg/L was degraded 
by (90 ± 4)% in the BR, whereas in the FR the removal rate was (83 ± 7)% provided 
that the residence time is equal for both reactors (tres = 30 min). Smaller removal rates 
in the BR compared to the FR were achieved only for DFC at C0 = 10 mg/L and IOP 
at C0 = 1 mg/L. However, even in these cases the difference in the removal rates did 
not exceed 4% (figure 72).  
The lower removal rates in the FR could be explained by the fact that using 






ttreatment = 4h, flow rate = 80 L/min, Vtotal = 200 mL, Vreactor = 25 mL 
one may find the time during which the solution passes the reactor at one single run 
Δt: 
 
                                      Δt = Vreactor/flow rate = 1.8 s                                        (34) 
Each solution portion is treated n times: 
 
                 n = (flow rate · ttreatment)/ Vtotal = 1600 times                            (35)               
The residence time tres is then: 
 
                                 tres = Δt · n = 30 min                                             (36) 
After 25 mL of the treated for 1.8 s solution leave the reactor, it is mixed with the 
untreated solution. By the time, this portion of solution reaches the reactor next time, 
the concentration of the initial compound (C0 n+1) is higher than it was when this 
portion left the reactor (C0 n). As it was discussed above, the increase of the initial 
concentration makes a negative effect on the removal rates. Thus, the removal rates at 
each run will be decreased compared to the case when C0 n+1 = C0 n. It will finally 
result in the decreased removal rates at the end of the treatment. In contrast to the FR, 
in the BR, one solution portion is being continuously treated as n = 1 and ttreatment = tres 
= 30 min. Thus, the concentration of the initial compound decreases gradually during 
the treatment. It finally results in the higher removal rates at the end of the treatment 
compared to the FR.     
 
            4.3.1.3. Effect of the solution conductivity 
 
As it was shown in Chapters I and II, solution conductivity is a key parameter 
that determines the generation and properties of the electrical discharge. The increase 
of solution conductivity was shown to facilitate the electrical discharge inception. 
Yet, the increase of solution conductivity makes an opposite effects of the chemical 
and physical activity of underwater electrical discharge. This fact does not allow to 
predict or make a conclusion on whether or not the increase of solution conductivity 
will lead to the higher or lower removal rates.   
Figure 73 shows the effect of the solution conductivity on the removal rates of 


































































































































































From the figure it is seen that, by increasing the solution conductivity, the 
removal rates of all compounds, apart from MP, increase. The influence of solution 
conductivity on the degradation of some compounds is stronger and for other 
compounds is weaker. Among the tested compounds, solution conductivity makes the 
strongest effect on the removal of DFC as its removal rates were increased by three 
times using 2 mS/cm instead of 0.25 mS/cm. The least influenced by solution 
conductivity compound appeared to be CBZ. The opposite effect was found for MP, 
which removal rate was increased by more than two times when using ten times lower 
solution conductivity. Thus, the removal rate of (30 ± 4)% was achieved at σ = 2 
mS/cm, whereas the removal rate of (52 ± 3)% was obtained at σ = 0.25 mS/cm.  
The increase of solution conductivity leads to the more intense light emission 
(Chapter 3.3.2.2.) and higher electron density (Chapter 3.3.5.1.). However, the 
amount and the lifetime of the reactive species decrease with increase of solution 
conductivity: at high values of solution conductivity, the recombination of OH is 
faster (Chapter 3.3.3.2.). From this, one can assume that the compounds, which 
degradation is increased at higher solution conductivity, more likely undergo the 
decomposition by the physical effects induced by plasma (e.g. UV radiation); whereas 
the compounds, which degradation is not or slightly influenced by solution 
conductivity, more likely undergo decomposition by chemical effects (e.g. oxidation 
by OH
•
). This assumption is with a good agreement with the literature data that report 
on the higher tendency of MP to oxidation with OH
•
 (Ikehata et al, 2006) rather than 
to photolytical decomposition (Liu et al, 2009, Bokar et al, 2011, Piram et al, 2008). 
Thus, at lower solution conductivity the amount OH
•
 is higher, which leads to the 
higher removal rates of MP compared to high solution conductivity, when the amount 
of OH
•
 is much less.  
The effect of the solution conductivity on the removal rates of other tested 
chemicals – DFC, IOP, BPA, CBZ – could be explained by the possibility of their 
degradation by both – OH• and UV light. Yet, the slight increase of the removal rates 
at higher solution conductivity suggests the more decisive role of photolysis than 
oxidation by OH
•
 in the removal of the tested compounds by underwater plasma 
discharges.   
The similar effects made by solution conductivity on the organics removal by 
electrical discharges could be found in literature. In general way, the authors report on 
the positive effect of the increased solution conductivity in the case of the compounds 
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unstable towards the UV light; and the opposite effect in the case of the 
decomposition dominated by OH
•
. Dang et al, 2009 reported on the increased 
degradation yield of 4-chlorophenol and 4-nitrophenol by liquid phase electrical 
discharges at the elevated solution conductivity. The authors also pointed out at the 
significant role of UV radiation in degradation process at higher solution conductivity. 
Dors et al, 2007, on the contrary, demonstrated that at high solution conductivity (600 
μS/cm, tap water), phenol cannot be decomposed by electrical discharges, whereas in 
the deionized water (1 μS/cm) the removal rates could be much increased. The 
authors explained this effect by the decreased yield of OH
•
 at high solution 
conductivities, which were supposed to play the decisive role in the phenol 
degradation.   
However, it should be noted that the effects induced by underwater plasma are 
not limited by the UV radiation and OH
•
 formation, although those two are supposed 
to dominate in the degradation of organics. Other important effects (high temperature 
of the discharge channel, shock waves, formation of oxidative and reductive species) 
could be enhanced with the change of solution conductivity and should be taken into 
account when considering the degradation of organics.   
 
4.3.2. Degradation kinetics 
 
The decrease of concentration of the tested compounds exposed to the plasma 
discharges is shown in figure 74 as a function of treatment time (the error bars are 
omitted for clarity). The figure summarizes the degradation profiles of each 
compound at three initial concentrations (1, 10 and 100 mg/L) obtained in the batch 
and flow reactors.  
From the figure 74 it is seen that the concentration of compounds decreases 
very fast in the first minutes of treatment and the rate slows down closer to the end of 
operation. Thus, for example, DFC was degraded by 50% within 4 min of treatment 
and by the end of the treatment (30 min), the removal was 90% (BR, C0 = 1 mg/L). In 
the case of BPA, the degradation is much slowlier indicating the higher recalcitrance 
of BPA towards the action of electrical discharges compared to DFC and IOP. The 
concentration of BPA decreases by 33% within the first 15 min of operation and 
achieves 39% within the next 15 min (BR, C0 = 1 mg/L). In case of CBZ, the 
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stationary concentration is achieved within the first 5 min of treatment (12%) after 























































































































































































































Table 7. Observed pseudo-first order rate constants of degradation of pharmaceuticals in FR and 



















 100 (3.4 ± 0.4)·10-4 (6.9 ± 0.8)·10-3 
10 (2.0 ± 0.2)·10-3 (2.0 ± 0.2)·10-2 
1 (6.9 ± 0.7)·10-3 (7.9 ± 0.6)·10-2 
IO
P
 100 (1.2 ± 0.1)·10
-3
 (8.2 ± 1.1)·10-3 
10 (4.2 ± 0.3)·10-3 (3.2 ± 0.4)·10-2 
1 (5.7 ± 0.5)·10-3 (5.9 ± 0.8)·10-2 
M
P
 100 (4.2 ± 0.2)·10
-4
 (7.3 ± 0.9)·10-3 
10 (6.2 ± 0.5)·10-4 (2.3 ± 0.1)·10-2 




 100 (1.8 ± 0.1)·10-4 (1.2 ± 0.1)·10-2 
10 (3.7 ± 0.2)·10-4 (1.5 ± 0.2)·10-2 




 10 (1.7 ± 0.2)·10-4 (1.6 ± 0.3)·10-3 
1 
 




of the possible reasons of the limited degradation rates of CBZ could be the formation 
of more recalcitrant transformation products which do not allow for the further 
degradation of the initial substance (Donner et al, 2012, Im et al, 2012).    
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The description of the obtained results on the degradation kinetics is 
complicated by the fact that the mechanism of the degradation is not known. The 
great variety of the physical and chemical processes induced by underwater plasma 
discharges leads to the complex processes occurring with the organic compounds. 
Another fact that does not enable to determine the real degradation kinetics is the 
formation of the transformation products simultaneously with the degradation of the 
initial substances. The parallel degradation of the transformation products should also 
be taken into account.  
The degradation curves of the pharmaceuticals could be described by the 
equation: 
 
                                                    
  
  
     ,                                                  (37) 
 
where C is the concentration of a compound (mg/L), t is the treatment time (min) and 
k is the observed rate constant (min
-1
).  
Thus, it was assumed that, in the present study, the degradation of the 
pharmaceuticals obeys the first order kinetics, showing the domination of one 
degradation pathway over the others. The linear dependence of -ln(C/C0) on t shown 
in figure 75 on the example of IOP in the FR at C0 = 1, 10 and 100 mg/L. As it could 
be seen, the experimental data are fitted with the straight lines. The observed pseudo-
first order rate constants of the IOP degradation were calculated from the slope of the 
fitted lines and were found to be (1.2 ± 0.1)·10-3, (4.2 ± 0.2) ·10-3 and (5.7 ± 0.2) ·10-3 
min
-1
 for C0 = 100, 10 and 1 mg/L, respectively. The data on degradation of all other 
compounds were treated analogically and the obtained results are summarized in table 
7.  
Several tendencies could be derived from the obtained values: (i) in general 
way, the observed rate constants are of one order of magnitude lower in the FR than 
in the BR, which suggests the faster degradation obtained in the BR; (ii) The values of 
the rate constants are higher for lower initial concentrations, confirming the results 
obtained in the previous subchapter; (iii) The highest values of the rate constants are 
obtained for DFC and IOP and the lowest ones are obtained for CBZ and BPA, 
confirming the higher recalcitrance of the latter ones.  
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From the analysis of the amount of OH
•
 formed by the underwater electrical 
discharge (in the range of μM, figure 18, Chapter 2), it is obvious that the 
pharmaceuticals would be present in solution in a great excess compared to OH
•
 at the 
high values of initial concentration; or the pharmaceutical concentration would be 
comparable to the one of OH
•
 at the low initial concentrations (e.g. C0 = 1 mg/L is 
equal to 3.2 μM, 1.3 μM, 1.5 μM, 4.4 μM and 4.2 μM of DFC, IOP, MP, BP and 
CBZ, respectively). Thus, assuming the degradation caused only by OH
•
, one should 
expect the order of the reaction higher than the n = 1. However, the observed pseudo-
first order degradation kinetics suggests that not only OH
•
 participate in the 
degradation process, but also other effects such as the reactions with other oxidative 
species and/or the degradation by the discharge light.  
The same pseudo-first order degradation kinetics was observed by the most of 
authors dealing with the degradation of organics by electrical discharges. However, 
the kobs values reported in literature are ~10
3
 times higher than the obtained in the 
present study. DFC was reported by Salgado et al, 2012 to undergo much faster 
photodegradation with k = 2.5 (min
-1
) also following the pseudo-first order kinetics. 
Magureanu et al, 2010 described the plasma induced degradation of a 
pharmaceutical compound – pentoxifylline – by the pseudo-first order. The authors 
reported on the higher values of rate constants at the same range of C0 (kobs = 129.9 ± 
8.3 min
-1
 for C0 = 25 mg/L and kobs = 33.7 ± 0.9 min
-1
 for C0 = 150 mg/L). It is 
assumed that the main reason of the higher values of rate constants obtained by the 
authors is the different discharge type (corona in air). The authors also assumed an 
important, but not the decisive role of OH
• 
in the degradation of the compound. The 
removal of phenols in water using corona in gas phase was reported by Lukes et al, 
2005 to follow the first order kinetics and the degradation was dominated by the OH
•
 
attack. The degradation of more persistent pharmaceuticals – carbamazepine, clofibric 
acid and iopromide – was shown by Krause et al, 2011 to follow the first order 
kinetics as well. Medevovic et al, 2007, on the contrary, assumed the degradation of 
atrazine only by OH
•
 formed during electrical discharges. The authors described the 
degradation by the second order kinetics, excluding from the consideration UV 
induced photolysis due to the low efficiency of the latter one at σ = 100 μS/cm. DFC 
was reported by Salgado et al, 2012 to undergo much faster photodegradation with k 
= 2.5 (min
-1




4.3.3. Transformation products of DFC 
 
The degradation of organic substances by different water treatment techniques 
often results in the formation of various degradation products. The degradation 
products and intermediates may have different, compared to the initial compound, 
ability towards the degradation by electrical discharges, i.e. they could be more 
degradable or more recalcitrant. In the case of higher stability, the products will be 
decomposed with a much slower rate. Moreover, the toxicity of the products is also a 
big issue 
Normally, the identification of transformation products involves the use of 
mass-spectrometry (MS). However, the detection of transformation products using 
LC-MS in the present study was not possible as the obtained mass chromatograms 
contained no peaks which could be attributed to the products. The approaches 
included ESI-MS positive ion mode and ESI-QTOF. One of the possible reasons why 
no considerable signal was recorded with LC-MS could be the low concentration of 
the transformation products which was under the detection limit of the techniques 
(~10μg/L). However, the probably formed products appeared to have high extinction 
coefficients which allowed of their detection using HPLC-DAD (will be discussed 
below) as several additional peaks to the initial one appeared on the chromatograms 
after the degradation experiment. Second possible reason could be the molecular 
structure of the products. The poor ionization degree of the products did not allow to 
obtain considerable signal using LC-MS. This assumption is particularly important 
taking into account that for the degradation experiments were performed in highly 




) much exceeded the 
concentration of the pharmaceuticals.  
In the present study, the characterization of the transformation products was 
carried out using HPLC-DAD on the example of DFC. The choice of DFC for this 
study was due to (i) its higher removal rates compared to other tested compounds and 
(ii) lots of of data available on its transformation products in the literature (Agüera et 
al, 2005. Goerner et al, 2010, Salgado et al, 2012, Sein et al, 2008, Miyamoto et al, 
1997, Kaphalia et al, 2006, Perez-Estrada et al, 2005). First fact enables to obtain the 
considerable signal from the detected products and, thus, improve the 
chromatographic resolution. Second fact allows to carry out the comparison of the 
obtained results with the ones published before. 
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The chromatograms of DFC before and after plasma treatment are shown in 
figure 76 (C0 = 10 mg/L, t = 1h, BR). The multiple peaks on both chromatograms in 
the range of 5 – 10 min (dead time) correspond to the release of unretained 
components in the mixture. Significant decrease of the peak area of DFC at 16.7 min 
indicates the decrease of its concentration by 65% after the exposure to the electrical 
discharges. Five additional peaks appeared and were separated on the chromatogram 
after DFC degradation. The corresponding UV spectra of each peak are shown in 
figure 77. The peak I corresponds to a product with a retention time (tret) 11.3 min and 
the maximal absorption (λmax) at 205 nm. The peak II appears at 13.2 min and the 
corresponding compound has two absorption maxima:  λmax1 = 205 nm and λmax2 = 
361 nm. The peak III contains two bands (IIIa and IIIb) which separation is not visible 
on the chromatogram due to the low absorption at the selected wavelength (254 nm) 
and insufficient time resolution. The product IIIa with tret = 14 min and product IIIb 
with tret = 14.5 min both have λmax = 205 nm. The peak IV corresponds to a product 
with tret = 18.9 min and λmax = 236 nm. The peak V corresponds to a products with tret 





Figure 76. HPLC chromatograms of DFC before (upper image) and after (lower image) plasma 
treatment recorded at 254 nm 
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The oxidation of DFC by OH or O3 is usually reported to proceed through the 
formation of 4’-hydroxydiclofenac (4’-OH DFC, λmax = 267 nm), 5- 
hydroxydiclofenac (5-OH DFC) and diclofenac-2,5-iminoquinone (DFC-2,5-
iminoquinone, λmax = 455 nm) (Miyamoto et al, 1997, Kaphalia et al, 2006, Sein et al, 
2008, Perez-Estrada et al, 2005, Kinne et al, 2009). It was assumed that the formation 
of 4’-OH DFC and 5-OH DFC did not take place as there were no compounds among 
the detected ones with the same λmax. Additionally, the formation of DFC-2,5-
iminoquinone was also excluded from consideration as no increase of the absorption 
 
                                                
                    
Figure 77. Absorption spectra of DFC and its transformation products 
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intensity took place in the region near 400 nm. It suggests that either the oxidation of 
DFC by OH did not take place or (5-OH DFC), (4’-OH DFC) and DFC-2,5-
iminoquinone were fully decomposed during the plasma treatment. 
The peaks I and III were attributed to the compounds that have a very short or 
have no conjugated system as the absorption maxima of the corresponding 
compounds are in the region of short wavelengths (205 nm). Thus, it was assumed 
that the degradation of DFC by underwater electrical discharges has led to the 
formation of three transformation products assigned at peaks II, IV and V. The 
product II has a retention time shorter than DFC, suggesting that it has a less polar 
structure. On the contrary, the products IV and V are retained stronger by the 
chromatographic column, therefore, they have a more polar structure than DFC. The 
absorption spectrum of the compound II suggests the formation of a long conjugated 
system as the λmax lies in the region of the long wavelength (361 nm). The absorption 
maximum of product IV at 236 nm could suggest the formation of 1-(8-
chlorocarbazolyl)acetic acid. The products of DFC containing carbazole fragments in 
their structure are resulted from the photocyclization of DFC reported by Görner et al, 
2010, Agüera et al, 2005, Encinas et al, 1998 and Salgado et al, 2012. The cyclization 
of DFC proceeds though the loss of Cl and the ring closure, which could be followed 
by the further hydroxylation, dehalogenation and oxidation of the ring by O2 (Salgado 
et al, 2012, Hofmann et al, 2007) or by decarboxylation to form chlorocarbazole 
(Agüera et al, 2005).  
  
     
 
     
     
     
 













4.3.4. Energy efficiency 
 
Energy efficiency is an important parameter that defines in a crucial way the 
applicability of the method for degradation of compounds. The energy efficiency of 
underwater plasma for degradation of organic compounds was evaluated using 
equation 33. In this subchapter, the effect of the reactor type, initial concentration and 
treatment time on the energy efficiency of the organics removal is discussed.  
 
4.3.4.1. Effect of the treatment time 
 
The highest values of energy efficiency are achieved in the beginning of 
degradation and these values decrease with time. The decrease of energy efficiency 
with treatment time is shown in figure 79 on the example of DFC degradation in the 
BR. As it could be seen, DFC degradation results in 230 mg/kWh efficiency after 5 
min of operation at the removal rate of 10% (C0 = 100 mg/L); while the removal of 
DFC by 21% after 30 min of treatment results in ~2 times lower energy efficiency 
(120 mg/kWh). Thus, the increase of treatment time leads to significant decrease of 
the energy efficiency. It is explained by higher energy consumption at longer 
treatment times. As it was shown above, the degradation rate is high in the beginning 
of the treatment and slows down at the end. As a result, the ratio the number of 
substance converted/the number of energy required would be more influenced by the 
value of the removal rate in the beginning and less at the end of the treatment. Thus, 
the reverse proportionality of the energy efficiency and the removal rates should be 
taken into account when compromising between the necessity to obtain high removal 






Figure 79. Effect of the treatment time on the energy yield on the example of DFC degradation in the 
BR at C0 = 100, 10 and 1 mg/L 
  
4.3.4.2. Effect of the initial concentration 
 
The higher energy efficiency of degradation is achieved at the same value of 
removal rate when the initial concentration is higher (table 8, figure 79). For example, 
the removal of DFC by 21% (BR) results in energy efficiency of 100 mg/kWh at C0 = 
100 mg/L (after 30 min of treatment) and 20 mg/kWh at C0 = 1 mg/L (after 4 min of 
treatment). It suggests that organics removal by the present method is more efficient 
when the concentration of pollutants is high. However, in the real samples with the 
pollutant concentrations in the range of μg/L, the energy efficiency is expected to be 
much lower. 
 
4.3.4.3. Effect of the reactor configuration 
 
The reactor configuration was proved to influence significantly the energy 
efficiency. The values of energy efficiency were calculated for both reactor types at 
fixed values of the removal rates. The lowest achieved values of removal rates (for all 
compounds obtained in the flow reactor, C0 = 100 mg/L) were taken as the values at 







Table 8. Energy efficiency of DFC, IOP, MP, BPA and CBZ degradation at the fixed 
removal rate of 10, 21, 9, 5 and 4%, respectively, in the batch and flow reactors 
 
Compound (at 
% of removal) 










DFC (10%) 236 176 NA 51 86 NA 
IOP (21%) 112 60 5 116 84 10 
MP (9%) 170 36 5 51 10 1 
BPA (5%) 155 13 2 26 6 1 
CBZ (4%) NA 2 1 NA 24 4 
   
 
As it is seen from the table, a higher energy efficiency is achieved in the BR 
compared to the FR (provided that other conditions are kept constant) for DFC, MP 
and BPA. Thus, for example, the energy efficiency for DFC degradation is improved 
by almost five times using BR instead of FR at C0 = 100 mg/L. However, for most of 
the cases this difference is not significant. An opposite effect of the reactor type on 
the energy efficiency was obtained for IOP and CBZ as the values of energy 
efficiency are higher in the flow reactor for all tested concentrations.     
Studies on degradation of organics by electrical discharges commonly report 
on three orders of mag-nitude higher energy efficiency. Magureanu et al, 2010, 
Gerrity et al, 2010 and Medevovic et al, 2007 also investigated the removal of 
organics by electrical discharges and reported on the degradation efficiency of the 
order of g/kWh. The reason of the lower energy efficiency obtained in the present 
study could be: (i) much higher recalcitrance of the compounds tested in the present 
study compared to the less recalcitrant phenols and organic dyes reported in the 
literature; and (ii) much higher values of energy per pulse for electrical discharges in 
liquids compared to the ones in gas phase. The first assumption is evidenced by the 
comparison of the works of Grabowski and Krause (Grabowski et al, 2006, Krause et 
al, 2009), who both used the same gas-phase discharge operation (corona above 
water), but different organic compounds. Thus, much higher recalcitrance of 
pharmaceuticals (carbamazepine, clofibric acid and iopromide) investigated by 
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Krause et al has led to the lower energy efficiency (a few mg/kWh) compared to 
Grabowski et al (a few g/kWh) who studied the degradation of phenol. To prove the 
second assumption, one may refer to the work of Malik et al, 2010, who carried out a 
comparative study of different discharge operations in terms of energy efficiency. The 
authors showed the much high efficiency of reactors in which electrical discharges are 
generated in gas-phase to treat a thin water layer. The lowest efficiencies were 
reported to be attributed to the reactors utilizing electrical discharges in liquid phase. 
In the present study, Ep ≃ 1 J, whereas Ep reported in the literature for corona above 
water is of the order of mJ. Since the formation of electrical discharge in liquid is 
~1000 times more energy consuming, the energy efficiency of a treatment technique 




4.3.5. Degradation of TFA 
 
Additionally to the pharmaceutical compounds, the ability of plasma 
discharges to degrade recalcitrant compounds was checked on the example of 
trifluoroacetic acid (TFA) known as a representative of the highly persistent 
polyfluorinated compounds (PFC). The decrease of TFA concentration after the 
plasma treatment was monitored by analyzing the peak area of CF3COO
-
 anion. 
Figure 80 represents the ion chromatograms of TFA before and after the plasma 
treatment (t = 2h, BR, C0 = 1 μM). The peak at 4.1 min is attributed to SO4
2-
 anion 
which is present in solution in order to adjust the conductivity (Na2SO4). The peak at 
7.1 min is due to F
-
 anion released by the destruction of Teflon® holders. The 
decrease of the peak area of CF3COO
-
 (retention time 8.6 min) after the plasma 
treatment corresponds to the decrease of TFA concentration by (14.43 ± 0.29)%. The 
peaks at 2.5 and 5.6 min were attributed to the presence of impurities in the solution 
after treatment. Analogical experiment with the same experimental conditions was 
carried out with C0 = 10 μM. In this case, the TFA concentration was decreased by 





Figure 80. Ion chromatograms of TFA before and after plasma treatment. C0 = 1 μM, BR, t = 2h, U = 
30 kV, F = 10 Hz, σ = 2 mS/cm. The chromatograms are shifted vertically for clarity 
 
Under the utilized conditions it is not possible to measure the release of F
-
 
during TFA degradation. The expected amount of F
-
 which is formed through the 
possible cleavage of the C-F bond in TFA is much smaller than the measured amount 
caused by the Teflon holder destruction. Thus, the question of the mechanism of TFA 
degradation by underwater electrical discharges is still open and needs further 
investigation. However, it is assumed that the complete defluorination of CF3COO
-
 is 






















The capability of underwater electrical discharges to treat water was studied 
on the example of six recalcitrant compounds – five pharmaceuticals (diclofenac, 
iopamidol, metoprolol, bisphenol A and carbamazepine) and trifluoroacetic acid. 
Underwater electrical discharges were proven to successfully degrade the 
tested pharmaceuticals. The higher removal rates are obtained for the lower initial 
concentration of the compounds. The use of the flow reactor for treatment of 
contaminated water does not significantly decrease the removal rates compared to the 
batch reactor. The removal was found to be higher in solutions with high conductivity 
for most of tested compounds (apart from metoprolol). Thus, the desalination of water 
in the case of real samples prior to the plasma treatment is not needed.  
The degradation of highly persistent trifluoroacetic acid by underwater 
electrical discharges was shown to be possible during relatively short period of time. 
The higher removal rates of the pharmaceuticals and trifluoroacetic acid could 
be achieved at lower initial concentration and longer treatment time. 
The degradation of all pharmaceuticals was found to obey the pseudo-first 
order kinetics. The observed pseudo-first order degradation constants are higher for 
lower initial concentrations and for the reactor operation in the batch configuration. 
In the present study, it was possible to detect three transformation products of 
diclofenac. None of them was previously reported in the literature. 
The method of underwater electrical discharges for water treatment was found 
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Electrical discharges generated in water is a subject of a great interest and is 
drawing attention of research groups which number increases every day. The research 
described in this work was aimed to fulfill the knowledge about the extremely 
complex phenomenon of underwater electrical discharges. Four goals that were set at 
the beginning have been successfully met at the end of the study. The following 
conclusions could be made: 
 
1. In the present study, a novel approach was applied according to which all three 
aspects of electrical discharge - generation in water, characterization of the 
discharge phenomenon and application for organics removal – have been 
worked out. 
2. The generation of electrical discharge in water with large-area electrodes using 
a pinhole geometry has the advantage over the classical corona with a tip 
electrode due to no deterioration of the metal surface of high-voltage 
electrode.  
3. The described way of electrical discharge generation could be used for the 
formation of plasma of a non-thermal nature. 
4. Among the investigated experimental parameters, solution conductivity tested 
in the range of 0.3 μS/cm – 10 mS/cm was shown to make different effects on 
the discharge inception, physical and chemical activities of the electrical 
discharges. This fact should be taken into account for the future research and 
application. 
5. The highest possible values of ratio of the applied voltage/electrode distance 
should be applied for the easier discharge generation, increased physical and 
chemical activity and the most effective application for organics removal. 
However, the upper limit determined by the formation of thermal plasma 
should be taken into account. 
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6. Electrical discharge in water have a great potential as a novel, chemical-free 
method of water treatment capable of degrading moderately and highly 
recalcitrant organic compounds. To our knowledge, the successful degradation 
of diclofenac, iopamidol, metoprolol, bisphenol A, carbamazepine and 
trifluoroacetic acid by electrical discharges in water using large-area 
electrodes has not been reported before in literature. 
7. Nevertheless, the attempt to prove the applicability of electrical discharges for 
water treatment was only partially successful. The fact that this method is 




























The present study could be used as a starting point for the future investigation 
of electrical discharges in terms of the application for water treatment. The 
recommendations for the future work are listed below:  
 
1. The range of initial concentrations of pharmaceuticals tested in the present 
study (1-100 mg/L) is much higher than the concentration of the 
pharmaceuticals in the real wastewater samples. Therefore, the degradation of 
the compounds at lower initial concentrations (in the range of a few μg/L) 
should be investigated. 
2. The low values of energy efficiency obtained in the present study suggest that 
the future improvement is required. The higher energy efficiency could be 
obtained for the degradation of pharmaceuticals at lower initial concentration, 
which is assumed to take shorter time. 
3. The degradation of organic compounds by electrical discharges was shown to 
lead to the formation of transformation products. Their toxicity and 
recalcitrance could exceed the toxicity and recalcitrance of the target 
compounds. Therefore, the detailed study on determination of transformation 
products is required.  
4. As it was shown in the thesis, solution properties make significant effect on 
the properties of the electrical discharges, thus, influencing organics removal. 
Therefore, the degradation of organic compounds in real solutions should be 
investigated in terms of the possible the matrix effect.  
5. Generally, it is anticipated that the method of pulsed electrical discharges 
would be implemented in the municipal waste water treatment plants for the 
tertiary effluents treatment and for complete and effective remediation of 
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